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Abstract
Due to recent progress in theory and the growing number of physical realizations,
low-dimensional quantum magnets continue to receive a considerable amount of at-
tention. They serve as model systems for investigating numerous physical phenome-
na in spin systems with cooperative ground states, including the field-induced evo-
lution of the ground-state properties and the corresponding rearrangement of their
low-energy excitation spectra. This work is devoted to systematic studies of recently
synthesized low-dimensional quantum spin systems by means of multi-frequency
high-field electron spin resonance (ESR) investigations. In the spin- 12 chain com-
pound (C6H9N2)CuCl3 [known as (6MAP)CuCl3] the striking incompatibility with
a simple uniform S = 12 Heisenberg chain model employed previously is revea-
led. The observed ESR mode is explained in terms of a recently developed theo-
ry, revealing the important role of the alternation and next-nearest-neighbor inter-
actions in this compound. The excitations spectrum in copper pyrimidine dinitrate
[PM·Cu(NO3)2(H2O)2]n, an S = 12 antiferromagnetic chain material with alternating
g-tensor and Dzyaloshinskii-Moriya interaction, is probed in magnetic fields up to
63 T. To study the high field behavior of the field-induced energy gap in this material,
a multi-frequency pulsed-field ESR spectrometer is built. Pronounced changes in the
frequency-field dependence of the magnetic excitations are observed in the vicinity
of the saturation field, B ∼ Bs = 48.5 T. ESR results clearly indicate a transition from
the soliton-breather to a spin-polarized state with magnons as elementary excitati-
ons. Experimental data are compared with results of density matrix renormalization
group calculations; excellent agreement is found. ESR studies of the spin-ladder ma-
terial (C5H12N)2CuBr4 (known as BPCB) completes the determination of the full spin
Hamiltonian of this compound. ESR results provide a direct evidence for a pronoun-
ced anisotropy in this compound, that is in contrast to fully isotropic spin-ladder
model employed previously for BPCB. Our observations can be of particular import-
ance for describing the rich temperature-field phase diagram of this material. The
frequency-field diagram of magnetic excitations in the quasi-two dimensional S = 12
compound [Cu(C4H4N2)2(HF2)]PF6 in the AFM-ordered state is studied. The AFM
gap is observed directly. Using high-field magnetization and ESR results, parameters
of the effective spin-Hamiltonian (exchange interaction, anisotropy and g-factor) are
obtained and compared with those estimated from thermodynamic properties of this
compound.
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1. Motivation
Due to their unusual physical properties, low-dimensional (hereafter low-D)
magnets have recently attracted a great deal of attention. The presence of
quantum fluctuations, significantly enhanced in spin systems with reduced
magnetic dimensionality, gives rise to a variety of strongly correlated states
determining unusual magnetic properties (including field-induced quantum
phase transitions, formation of quantum spin gaps, etc.). To comprehend
the role of quantum fluctuations in strongly correlated electron systems, it
is important to explore their phenomenology in simple and well-controlled
model systems. Because of that, studies of magnetic properties of low-D
spin systems appears to be one of the most important problems of modern
solid-state physics.
Electron spin resonance (ESR) is traditionally recognized as one of
the most powerful and sensitive tools for probing magnetic excitations in
exchange-coupled spin systems. Using the temperature or magnetic field as
a tuning parameter, one can obtain valuable information on the nature of the
ground state in these systems and estimate their important physical parame-
ters and constants. In particular, high-field multi-frequency ESR spectroscopy
can provide detailed knowledge on the energy-level diagram, often allowing
(that is of particular importance) the observation of energy gaps directly.
In this work, some of the most important representatives of low-D magne-
tism (spin chains, spin ladders, and quasi-2D spin systems) have been studied
by means of high-magnetic-field multi-frequency ESR. The thesis is organized
as follows:
In Chapter 2, the experimental techniques developed at the HLD (Hoch-
feld Magnetlabor Dresden) and used for the high-field ESR experiments is
described.
Chapter 3 describes magnetic and resonance properties of the quasi-1D
chain system (C6H9N2)CuCl3. The analysis of ESR and magnetic properties
of this material is analyzed based on the recently developed mean-field-like
theory illuminating the important role of the next-nearest-neighbour (NNN)
interactions.
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In Chapter 4, the ESR excitation spectrum of Cu-PM, a spin-12 chain system
with alternating Dzyaloshinksii-Moriya interactions and staggered g-tensor,
is studied. The crossover from the sine-Gordon regime (with soliton and brea-
thers as elementary magnetic excitations) to the fully spin-polarized state
(with excitation spectrum formed by magnons) is observed. Experimental da-
ta show an excellent agreement with the results of the density matrix renor-
malization group calculations.
In Chapter 5, the spin-ladder material (C5H12N)2CuBr4 is studied by
means of ESR. The studies provide straightforward evidences of a pronoun-
ced anisotropy in this compound, which is inconsistent with the isotropic
spin-ladder model employed for this system previously. Our findings il-
luminate the importance of taking into account the anisotropy effects in
(C5H12N)2CuBr4 for describing its magnetic properties in the vicinity of the
quantum critical points.
Chapter 6 contains results of high-field magnetization, specific-heat, and
ESR studies of the quasi-two-dimensional material [Cu(C4H4N2)2(HF2)]PF6.
It is argued that despite the onset of three-dimensional long-range magnetic
ordering the magnetic properties of this material are strongly affected by two-
dimensional spin correlations. Combination of the high-field ESR data with
results of high-field magnetization allows accurate estimation of the spin-
Hamiltoinian parameters used for the interpretation of unusual magnetic pro-
perties of this compound.
The main results of this work are summarized in Chapter 7.
2
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2.1. Introduction
Electron spin resonance (sometimes called electron paramagnetic resonance
or EPR) provides a powerful means for investigations of low-energy magne-
tic excitations in numerous magnetic substances. It is widely accepted in the
high-field ESR community that despite of high resolution and sensitivity, the
application range of commercially available ESR spectrometers (with the hig-
hest frequency of ∼ 0.1 THz and magnetic fields up to 6 T) appears consi-
derably limited. The use of such one-frequency spectrometers becomes rather
inefficient when studying magnetic systems with a large zero-field splitting,
complex frequency-field diagrams of magnetic excitations, or materials with
field-dependent ESR parameters (g-factor, line-width, etc.). Multi-frequency
ESR techniques (employing several frequencies) combined with high magne-
tic fields allow for more detailed studies of magnetic excitation spectra in such
systems. If the frequency of a spectrometer can be tuned continuously or step-
wise within a certain frequency range, the term
”
tunable-frequency ESR spec-
troscopy“ can be applied. The tunable-frequency ESR has a broad range of
applications in solid-state physics, materials science, and chemistry (see for
instance Ref. [1–7]).
As technique, ESR spectroscopy is based on the detection of resonance ab-
sorptions of electromagnetic radiation corresponding to transitions between
electron-spin energy levels split by internal effects (crystal-field effects, ex-
change interactions, etc.) and/or by an applied magnetic field. The strength
of such interactions in magnetic materials can vary from tenth of microkelvin
to hundreds and even thousands of Kelvin (which corresponds to a frequency
range from the MHz region to hundreds of THz). That is why extending the
frequency range of ESR techniques up to the THz range appears to be one of
the central issues in modern ESR spectroscopy.
Most of the work presented in this thesis has been done using
a transmission-type tunable-frequency ESR spectrometer. The spectrometer
3
2. Experimental techniques
Figure 2.1.: Schematic drawing of the transmission-type ESR spectrometer.
is equipped with a 16 T superconducting magnet. A schematic diagram of
a typical transmission-type ESR spectrometer is shown in Fig. 2.1. It consists
of a radiation source, radiation detector, magnet, and the probe. A variety of
radiation sources (Backward Wave Oscillators, Gunn- and VDI-diodes, micro-
wave network analyzer MVNA) covering the frequency range from 50 GHz
to 1.4 THz are available in ESR measurements. In addition, a pulsed-field ESR
spectrometer has been designed and built. This pulsed-field spectrometer
allows performing ESR experiments in pulsed fields up to 63 T and beyond
using standard radiation sources (Gunn- and VDI-diodes) and a free electron
laser (FEL) at frequencies up to 75 THz.
The remainder of this chapter is organized as follows. In sections 2.2 and
2.3, an overview of the millimeter- and submillimeter-wave radiation sources
and detectors used for ESR experiments is presented. Section 2.4 introduces
the magnets employed for ESR measurements. In section 2.5, a description of
the ESR probes used are given.
2.2. Millimeter- and submillimeter-wave radiation
sources
The broad frequency range of radiation required for tunable-frequency high-
field ESR demands several types of radiation sources. These sources should
generate monochromatic radiation with high output power and low noise, be
stable and easy to operate. They should allow stepwise and continuous fre-
quency tuning over a certain range, suitable for tunable-frequency ESR spec-
troscopy. It is important to mention that the output power of the majority
of these devices significantly drops approaching the THz frequency range
(down to some hundreds and even tens of µW) imposing serious restricti-
ons for a sufficient ESR resolution in this frequency range. Due to the lack of
4
2.2. Millimeter- and submillimeter-wave radiation sources
Figure 2.2.: The frequency (wavelength) scale of the electromagnetic radiation.
stable and intensive sources of electromagnetic radiation the frequency ran-
ge between 300 GHz and 3 THz is known as the
”
THz gap“(Fig. 2.2). The
present work has been done using a variety of radiation sources including
vacuum sources of radiation (Backward Wave Oscillators and free electron
laser), and semiconductor radiation sources (Gunn- and VDI-diodes, micro-
wave network analyzer MVNA), quasi-continuously covering the frequency
range from 50 GHz to 75 THz.
2.2.1. Vacuum radiation sources
Backward wave oscillators
Backward Wave Oscillators are classical electron-gun vacuum-tube microwa-
ve generators, possessing two important distinguishing abilities: to generate
very short wavelengths (down to λ ∼ 0.2 mm), and to electronically tune the
working frequency in a broad range, up to ±30% from the central value. The
operating frequency is determined by the periodicity of the BWOs slow-wave
structure and the cathode voltage. The latter can be easily changed providing
a fast and convenient way of tuning frequency.
The working principle of BWOs is based on the Smith-Purcell effect. Elec-
tron are traveling close and parallel to a metallic reflection grating (called
slow-wave structure). An interaction of the traveling electron beam with the
grating, a radiation known as Smith-Purcell radiation is produced. The virtual
photons of the electron field are scattered by the grating, and the wavelength
λ of the radiation is
λ =
L
mβ
(1 − ~β ·~n) ,
where L is the grating period, ~β = ~v/c is the electron velocity in the unit of
speed of light c, ~n is the unit vector along the emission direction, and m is
the spectral order [8, 9]. In turn, this radiation resonantly interacts with the
electron beam, when the phase velocity of the electromagnetic wave matches
with the electron velocity. In BWOs the group velocity direction is opposite to
5
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Figure 2.3.: Schematic view of a BWO: 1 - magnet, 2 - vacuum jacket, 3 - heater,
4 - cathode, 5 - electron beam, 6 - anode, 7 - slow-wave structure, 8 - water cooling,
9 - electromagnetic back wave, 10 - rectangular waveguide, 11 - window.
the phase velocity of the the electron beam (i.e., the angle between the vectors
~n and ~β is 180 deg). If the electron-beam current exceeds a certain threshold
level (known as start current), this interaction results in nonlinear bunching of
electrons in the beam, which amplify the Smith-Purcell radiation. Due to the
built-in feedback mechanism, such system operates as an oscillator producing
relatively high output power even without a resonator.
A schematic view of a BWO is shown in Fig. 2.3. All the elements are built
in a metal vacuum jacket (2) placed in a magnetic field (1), which serves to
collimate the electron beam inside the tube. If the heater (3) is switched on,
the cathode (4) emits electrons (5) which, accelerated by a high-voltage elec-
trical field, travel in vacuum toward the anode (6) (collector). The electrons
pass over a comb-like slow-wave structure (7) interacting with it. During this
process kinetic energy of the electrons is transferred into an electromagne-
tic field. A slow-wave structure with a grating period L ≈ 100 − 200 µm is
used. To remove thermal heat [which is of particular importance for high-
frequency BWOs (above 160 GHz)] a water-cooling system (8) is used. The
magnetic field has to be high and homogeneous enough to guarantee that
6
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Figure 2.4.: The packetized (left) and an unpacketized (right) BWO.
only a fraction of the electrons hits the slow-wave structure. The radiation
leaves the metal jacket through an oversize waveguide (10) terminated by
a quartz window (11). BWOs are highly sophisticated devices, working at ex-
tremely intensive conditions (with a voltage up to 6 kV, high temperature of
the cathode - up to 1200 ◦C, and at high vacuum - down to 10−7 mbar).
Two types of BWOs sources [containing its own magnet (packetized)
and without it (unpacketized)] are shown in Fig. 2.4. Low-frequency BWO-
based radiation sources ( f . 180 GHz) are packetized, employing small per-
manent samarium-cobalt magnets. For operation of high-frequency BWOs
( f & 180 GHz) stronger magnetic fields are required, which can be produ-
ced by a special permanent magnet system with a field up to 1.3 T (in a gap
of 3.2 cm). Using a high-precision mechanical adjustment system, BWOs can
be adjusted by rotating them around two axes - one is directed along the
waveguide and another one orthogonal to the waveguide and to the direc-
tion of magnetic field. Typical requirements on the adjustment are alignments
of about 1 deg or better.
Both the frequency and the output intensity of the BWOs is a function of
the applied acceleration voltage (cathode voltage). The output frequency f is
determined by the cathode voltage, f ∝ U3/2. The frequency can be adjusted
within ±20 − 30% from the central frequency electronically, by tuning the ca-
thode voltage U. The output power vs voltage (the BWO’s spectral pattern)
has a more complex dependence, which is unique for each BWO. In order to
produce radiation power of high stability, BWOs should be fed using a very
7
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Name Frequency range Power Name Frequency range Power
GHz mW GHz mW
ov 69 34-55 20 ov 32 233-547 3
ov 70 50-80 15 ov 81 490-859 4
ov 56 50-81 20 ov 80 524-694 4
ov 71 78-119 20 ov 83 682-1099 5
ov 86 113-178 40 ov 82 720-991 1.5
ov 87 117-177 30 ov 84 870-1229 2
ov 24 163-260 30 ov 85 1006-1422 1
ov 30 154-379 23
Table 2.1.: A summary of parameters of the BWO set available at the HLD. Power
means a average power of the output radiation produced by BWO.
stable power supply (with a jitter of less than ∆V/V ≈ 10−5). Water cooling
keeps the BWOs at a temperature of ∼ 19 ◦C preventing frequency fluctuati-
ons due to the thermal expansion of the slow-wave structure.
A set of BWO-based radiation sources covering the frequency range from
53 to 1400 GHz is available at the HLD. These BWOs are manufactured by
ISTOK Research and Development Company (Fryazino, Russia). The spectral
range and nominal output power are shown in Table 2.1. The manufacturer
specifies only the average power for each BWO, whereas the output power
strongly varies over the frequency range (Fig. 2.5).
Figure 2.5.: A typical output power vs frequency dependence of a BWO.
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Free electron laser FELBE
The first attempt to combine a FEL and pulsed magnetic fields was made
using the FELIX radiation source at Rijnhuizen [10–13]. It is worth to mention
that in contrast to radiation produced by conventional sources (for instan-
ce, BWOs or Gunn diodes) used for continuous-wave (cw) ESR spectrosco-
py, the radiation produced by FELs has a pulse structure with a typical pul-
se duration of the order of microseconds (in case of electrostatic or van de
Graaf accelerators) or picoseconds (linear accelerator, hereafter linac). Due to
the bandwidth-limited (or sometimes called Fourier-limited) pulse nature, the
FEL radiation is not ideally monochromatic, particularly in case of linac-based
FELs. Furthermore, the FEL pulse power can reach hundreds of kW/cm2,
which might lead to a number of parasitic effects, including for instance over-
heating of the sample and even its destruction as result of ionization defects.
Effects of optical bleaching under the influence of high-power FEL radiati-
on were reported for InAs/GaSb [10] and InAs/AlxGa1−xSb [14] structures,
opening new opportunities in the so-called saturation spectroscopy [15] but,
on the other hand, demonstrating a potential problem when employing high-
power pulsed radiation produced by FELs for the conventional
”
low-power“
spectroscopy.
FELBE is the acronym for the free-electron laser facility at the super-
conducting Electron Linear accelerator of high Brilliance and Low Emit-
tance (ELBE) located at the Forschungszentrum Dresden-Rossendorf (FZD).
There are two FELs at the FZD. Both of them are Compton FELs working
in the upper region of the low-gain regime (G ∼ 10 − 80%) [16]. A mid-
infrared (IR) FEL (undulator U27) can be operated in the wavelength range
of 4 - 22 µm [16], using an electron-beam energy varying from 15 to 35 MeV.
In August 2006, the installation of the long-wavelength FEL (undulator U100)
Parameter U27 U100
Undulator period (mm) 27.3 100
Number of periods Nu 2x34 38
Undulator parameter Krms 0.3 - 0.7 0.5 - 2.8
Wavelength (µm) 4 - 22 18 - 250
Pulse durations (ps) 0.9 - 4 5 - 30
Max. pulse energy (µJ) 2 5
Max. aver. power (W) 30 65
Table 2.2.: FEL specifications
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Figure 2.6.: Schematic view of one of the FELs used at the FZD.
has been completed and the first FEL lasing in the far-IR range was achie-
ved [17]. In Table 2.2, parameters of both FELs are summarized.
Equipped with a partial-waveguide resonator [18] the undulator U100
covers the wavelength range from 18 to 250 µm. Thus, the combination of
two FELs allows to quasi-continuously cover the wavelength range from
4 to 250 µm. The pulse energy (≤ 5 µJ) depends on the radiation wavelength,
electron-beam energy, and resonator and undulator parameters. Driven by
a superconducting linac, FELBE continuously generates IR radiation pulses
with a repetition rate of 13 MHz. The possibility to operate in a quas-cw re-
gime is one of the most important advantages of FELBE. This regime is of par-
ticular importance for pulsed-field ESR (with a typical magnetic field-pulse
duration from 10 ms to some hundreds of ms), allowing to avoid complex
problems of synchronization of FEL radiation and magnetic-field pulses, per-
mitting longer acquisition times and thus better signal-to-noise ratios. In ad-
dition, operation in macropulse (macrobunch duration ≥ 100 µs, repetition
rate ≤ 25 Hz) as well as single-pulse modes are possible. High-level linear
polarization of the FEL radiation (≈ 98%) was confirmed experimentally [19].
The FELs at the FZD consist of the following main parts: a supercon-
ducting accelerator (equipped with electron injector, beam lines, and beam
dumps), magnetic undulator, and optical resonator (Fig. 2.6). The electron be-
am (with up to 1 mA beam current at 35 MeV) is produced by a radiofre-
quency (RF) linear accelerator. The RF power comes from 10 kW clystrons
controlled by a low-level RF system. Electrons are preaccelerated in a 250 keV
thermionic DC electron gun and prebunched in a two-stage RF buncher sec-
tion. The main acceleration is achieved in two 20 MeV - 1.3 GHz linear acce-
lerator modules equipped with cavities made from superconducting Nb and
cooled to 1.8 K. Apart from driving the FELs, the accelerator can be used for
generating various kinds of secondary radiation (x-rays, positrons, neutrons,
and Bremsstrahlung) [20].
10
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The wavelength of the FEL radiation, λn, is determined by the electron
energy γ (in units of the electron rest mass), the undulator parameter Krms
(rms = root mean square), and the undulator period λU (n is the radiation
harmonic number):
λn =
λU(1 + Krms2)
2nγ2
. (2.1)
The dimensionless undulator parameter Krms is given by
Krms =
eBUλU
2πmec
, (2.2)
where e and me are the electron charge and mass, respectively, and BU is the
rms amplitude of the magnetic field on the undulator axis. The undulator pa-
rameter can be varied by changing the undulator gap which determines the
magnetic field along the undulator axis. The wavelength ranges of the U100
and U27 undulators as a function of a kinetic electron energy, Ekine , calculated
for different Krms are shown in Fig. 2.7. The measured output power vs wave-
Figure 2.7.: The wavelength (frequency) range of the U27 and U100 undulators as a
function of the kinetic electron energy, Ekine , calculated for different undulator para-
meters Krms.
11
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Figure 2.8.: Typical measured output power vs wavelength for the two undulators,
U27 (λ < 20 µm) and U100 (λ > 20 µm), for different kinetic electron energies
(user statistics for the years 2008 and 2009).
length for the undulators U27 and U100 at different kinetic electron energies
(determined from the user statistics for the years 2008 and 2009) is shown
in Fig. 2.8.
The undulator is the
”
heart“ of an FEL. A schematic view of the U100-
based FEL (without accelerator section) is shown in Fig. 2.9. The undulator
U100 contains 38 sections of Sm/Co magnets and magnet poles (made from
soft high-permeability decarbonized iron) with a period of 100 mm (this para-
meter defines the name of the undulators, i.e., U100 or U27). Such periodicity
makes it possible to achieve sufficiently high magnetic fields in a reasonably
sized undulator gap. The magnetic field alternates along the undulator axis
with a period λU wiggling the electron beam in a direction perpendicular to
the undulator axis and the magnetic-field vector. Due to the transverse modu-
lation the electrons emit light. Another important component of FELs is the
optical resonator, which for U100 consists of a bifocal upstream and a cylindri-
cal downstream mirror. The distance between the two mirrors, LR = 11.53 m,
is determined by the repetition rate of the electron pulses (13 MHz) coming
from the accelerator, and chosen to secure an effective coupling between the
electron beam and the oscillating wave in the resonator. The undulator U100
is equipped with a partial parallel-plate waveguide (7.92 m long, 10 mm di-
stance between the plates), confining the IR beam in the vertical (transver-
se) direction, increasing the laser gain and allowing a smaller undulator gap
12
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Figure 2.9.: Schematic view of the U100-based FEL. The electron beam enters the
FEL from the right side.
(i.e., a higher modulation field). Because of the large variation of the beam
radius determined by the radiation wavelength and expected laser gain, out-
coupling holes of different diameters (2, 4.5, and 7 mm for U100) are used.
The appropriate mirror can be shifted into the right position by using a high-
precision linear translation stage.
The undulator U27 has been designed for a shorter wavelength range
(4 to 22 µm). It is equipped with two planar undulator units with a length
of 0.98 m each. Each unit contains 34 sections of NdFeB magnets with alter-
nating poles with a period of 27.3 mm. In contrast to U100, the undulator
U27 is not equipped with a waveguide; instead just an open optical resona-
tor (LR = 11.53 m) consisting of two spherical mirrors is used. To optimize
the extraction ratio over the whole wavelength range, mirrors with different
outcoupling hole sizes (1.5, 2.0, 3.0, and 4.0 mm) are used. The mirrors are
mounted on a wheel which is fixed on a high-precision rotation stage.
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The resonator length can be adjusted and stabilized using a Hewlett-
Packard interferometer system. A separate beamline guides the IR beam to
a diagnostic station. The radiation wavelength is measured using a Czerny-
Turner-type spectrometer, which contains a turret with three different gra-
tings to cover the wavelength range from 4 to about 230 µm. A standard
Bruker Equinox 55 Fourier-transform spectrometer is used for measuring the
spectral radiation parameters at wavelengths up to 250 µm.
From the diagnostic station, the beam is guided to user laboratories. For
this purpose, gold-coated copper and stainless-steel mirrors are used. The re-
flectivity of the mirrors (with a surface roughness being better than 0.2 µm) is
larger than 98.8% in the entire wavelength range. The IR beam is fed through
a 27 m long tunnel to the adjacent HLD building. The FELBE-HLD beamline
contains 13 mirrors (with effective diameters ranging from 100 to 200 mm).
To reduce the number of mirrors to a minimum, some mirrors are used for
beam deflection as well as for refocusing. To avoid the absorption of IR light
by air, the beam has to be guided in pipes which are either evacuated or con-
stantly purged with dry nitrogen gas. The power attenuation by the beamli-
ne is 3 - 10 dB and depends strongly on the radiation wavelength and used
windows. If additional attenuation is required, the beam power can be redu-
ced by 3 - 38 dB using an optical attenuator located at the diagnostic station.
High-level linear polarization of the FEL radiation (better than 95%) after the
propagation through the beamline was confirmed experimentally. Further de-
tails of the beamline are described in Ref. [21].
The pulse length of the FEL radiation and the spectral distribution of the
power was measured by means of an autocorrelator and a spectrometer, re-
spectively [22]. The resulting time-bandwidth product indicates the Fourier-
transform-limited operation of both FELs. The radiation pulse length can be
changed by a factor of about 5 by detuning the resonator with respect to its no-
minal length determined by the electron-bunch repetition rate. As confirmed
experimentally, the spectral width of the produced radiation varies by the sa-
me factor. An example of the spectral distribution of the FEL power and the
corresponding Gaussian line-shape fit for a wavelength of 188.8 µm is shown
in Fig. 2.10. In this example, the full spectral width at half maximum, ∆λ/λ,
of the FEL radiation is 0.8%. This parameter can be changed continuously,
depending on experimental requirements, approximately from 0.4 to 2%.
The FEL-based radiation source is a promising technique for the broad
range of applications. Due to the high radiation power, the FEL light is
attractive for the investigation of numerous non-linear effects in solids:
higher-order harmonic generation, above-threshold ionization, pondero-
motive potential effects, etc. (see for instance [23–25]). Finally, due to the
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Figure 2.10.: Example of the spectral distribution of the FEL power (symbols) and
the corresponding Gaussian line-shape fit (line) for a wavelength of 188.8 µm. The
full spectral width at half maximum, ∆λ/λ, is 0.8%.
extraordinary high brightness and tunability, FEL can be successfully used
as an optical source for scattering scanning near-field optical microscopy and
spectroscopy [26, 27].
2.2.2. Solid-state radiation sources
Multiplier chain system VDI
Solid-state microwave generators discussed here represent the second type of
radiation sources used in high-field ESR spectroscopy. They are reliable, com-
pact, have low power consumption, and are simple in operation. They can be
operated in combination with frequency multiplyers, which allows to cover
the frequency range up to a few hundred GHz. Recently, based on integra-
ted planar GaAs Schottky-diode circuits, Virginia Diodes Inc. has developed
a series of broadband frequency multipliers with high transformation coeffi-
cient. Virginia Diodes Inc. have designed a multiplier chain system (hereafter
VDI), schematically shown in Fig. 2.11. This setup generates radiation with
high output power (Table. 2.3) and can be easily tuned electronically.
VDI is driven by the yttrium-iron-garnet (YIG) source generating micro-
wave frequencies. YIG is a ferrite material that resonates at a microwave fre-
quency, that can be changed by the application of a magnetic field. The re-
sonance frequency is directly proportional to the applied field. The oscillator
contains a tiny YIG sphere, fixed inside a two-coil electromagnet. The main
15
2. Experimental techniques
Figure 2.11.: Schematic sketch of VDI microwave sources.
coil of the magnet is used for frequency tuning by changing the applied cur-
rent. The second coil is used to stabilize the output frequency. A specially
designed resonant circuit extracts energy from the sphere. YIG has its best
performance when the temperature is kept constant, requiring a good tempe-
rature stability. In recent years, due to the progress in YIG technology, several
lines of YIG - tuned oscillators with high power (up to 100 mW), low phase
noise (-130 dBc/Hz offset 100 kHz), large frequency range (6 to 20 GHz), and
moderate tuning speed became available.
The frequency of the VDI system can be tuned using a TTL control wi-
thin the frequency range of 12 - 14 GHz with a 100 MHz stepwidth. Micro-
wave radiation generated by the YIG oscillator (≈ 20 mW) is amplified by
an active doubler, producing an output power of ca. 1 W for further multi-
plication. Typical output-power-frequency dependences of VDI-diode-based
microwave sources are shown in Fig. 2.12. Each multiplication reduces the
Frequency range Output power (maximal)
GHz mW
24 - 28 1460
48 - 56 475
96 - 112 115
192 - 224 26
288 - 336 4
384 - 448 3.2
Table 2.3.: VDI millimeter- and submillimeter-wave sources used in ESR experi-
ments.
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Figure 2.12.: Spectral output-power distribution in the frequency range
24 − 28 GHz (a) and after a 12 times frequency multiplication (b).
output power, even more at the spectral wings than at the central frequen-
cy, resulting in a peak-like shape of the spectral-power distribution. To pre-
vent the reflection of the radiation from the load to the microwave generator,
Faraday isolators are placed after the multipliers with central frequencies of
52 and 104 GHz (Fig. 2.11). Based on the Faraday effect in ferrite, these de-
vices significantly improve the frequency stability. The generated frequency
can be tuned within each band by changing the fundamental YIG oscillator
frequency from 12 to 14 GHz. The VDI radiation source (Fig. 2.13) produces
high-quality radiation of an excellent spectral purity, frequency and power
stability, and low noise.
Figure 2.13.: Photograph of the VDI radiation source available at HLD.
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Gunn diode
Gunn diodes (Fig. 2.14) are another solid-state radiation source used in ESR
experiments. Gunn diodes are highly reliable devices with practically no re-
strictions in lifetime. Small size, light-weight, and small voltage-bias require-
ments make them superior to the electron-gun vacuum-tube generators. Be-
sides applications in experimental science, Gunn diodes are extensively used
as a local oscillator in radar-related applications and communication systems.
The operation of a Gunn diode is based on the transferred electron phe-
nomena, which takes place in highly n-doped GaAs layers with multi-valley
structure in their conduction band. For the radiation generation, the device
should be operated in a regime with a negative differential resistance in the
voltage-current dependence. Such behavior is found to be associated with the
carrier transfer from a high-mobility (low effective electron mass at the central
valley) to a low mobility edge (high effective mass at a satellite valley). Becau-
se of the difference in the mobility, the fast moving electrons get slowed down
and form a mobile domain (comprising accumulation/depletion of electrons).
The domain normally nucleates at the cathode end and after traversing the
whole length of the sample, annihilates at the anode giving a current spike. A
new domain is again nucleated and the cycle is repeated. The active element
should be placed in a cavity or resonant circuit, which drastically increase the
efficiency of the generation process.
Figure 2.14.: Photographs of the Gunn diodes available at the HLD.
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Frequency Output power
GHz mW
73.3 40
85 52
96 40
146.6 1.8
192 3.5
219.9 1.8
288 1.5
Table 2.4.: Frequency and output radiation power of the Gunn oscillators available
at the HLD.
The fundamental frequency f of a Gunn oscillator is inversely pro-
portional to the domain transit time, τ, across the active length, Le f f , so
f ∝ 1/τ = V/Le f f , where V is the velocity of the domain (for GaAs it is
about 1 · 105 m/s and depends on the applied voltage). Each Gunn diode
is designed for a particular frequency. Its properties are determined by a few
parameters (including, the layer thickness, carrier concentration, and device
geometry). In the present study a set of the Gunns diodes and multipliers pro-
ducing microwave radiation with frequencies shown in Table 2.4 was used.
Millimeter-wave vector network analyzer
A millimeter-wave vector network analyzer (MVNA, product of
”
ABmm“,
France) can be used in ESR experiments covering the frequency range from
8 GHz to approximately 1 THz. The photograph of the MVNA available at
HLD is shown in Fig. 2.15. In this device the Schottky diode is used as a har-
monic generator producing radiation with a frequency
FGHz = N1F1 ,
where N1 is an integer number and F1 is the tunable frequency generated by
an internal source S1 (YIG oscillator with frequency range of 8− 18 GHz). The
radiation is detected by a second Schottky diode used as a harmonic mixer.
This Schottky diode converts the high-frequency signal FGHz down to a low
frequency FMHz by mixing it with a frequency N2F2,
FMHz = |N1F1 − N2F2| ,
where F2 is the frequency generated by the second source S2, and the integer
N2 is the harmonic rank determined by the harmonic mixer. Then, a narrow-
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Figure 2.15.: Photograph of the MVNA radiation source available at HLD.
band heterodyne vector receiver registers both the amplitude and phase of
the beat frequency FMHz. The amplitude of the MHz signal is proportional
to the amplitude of the high-frequency signal used in experiment, while its
phase preserves the phase of the FGHz relative to the local oscillator S2. The
phase noise of the MHz signal is
ϕlow = |N1ϕ1 − N2ϕ2| ,
where ϕ1 and ϕ2 are a phase noise associated with the frequency F1 and F2,
respectively.
Such signal detection becomes efficient, when the same harmonic ranks
are chosen, N1 = N2, and the sources S1 and S2 are phase locked and produce
the identical phase noise, ϕ1 = ϕ2. If these conditions are accomplished, the
phase noise is avoided and the frequency FMHz is equal to the frequency diffe-
rence between the sources S1 and S2 multiplied by the harmonic rank N. The
frequencies F1 and F2 are selected so that the detection frequency is 9 MHz
(or 34 MHz for N>4). The phase lock between S1 and S2 provides the high
sensitivity to the phase changes in FGHz.
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Band Harmonic Frequency Output power
GHz mW
Q 3 29 - 50 5
V 4 42 - 72 1
W 5-6 70 - 110 12
D 7-8 110 -142 1-9
Table 2.5.: Frequency bands provided by the MVNA.
Using different pairs of Schottky diodes it is possible to generate any
frequency in the range from 8 to 200 GHz. Typical frequency bands availa-
ble when using the MVNA are shown in Table 2.5. In order to reach hig-
her frequencies, different extensions are required. The External Source As-
sociation option additionally permits the connection with a higher-frequency
Gunn-diode source, providing enhanced signal-to-noise characteristics in the
150 - 250 GHz range, as well as measurements up to 700 GHz. A big advanta-
ge of the MVNA compared to other devices is that it allows not only to tune
the frequency, but also to control and monitor the phase.
2.3. Far-infrared detectors
Far-infrared detectors are used to transform the power of the millimeter- and
submillimeter-wave radiation to an electrical signal. There is a number of
far-infrared detectors, such as photoconductor, pyroelectric, drag detectors,
hot-electron bolometers, Schottky diodes, and quantum-well devices [28]. The
usefulness of each detector is determined by several parameters: the frequen-
cy range, sensitivity, and response time. Because of their fast response and
high sensitivity, a hot-electron n-InSb bolometer is of particular importan-
ce for high-field ESR experiments. The detector is operated at liquid-helium
(LHe) temperature, allowing to significantly increase the signal-to-noise ratio.
Indium antimonide (InSb) is a III-V semiconductor with high intrinsic
electron mobility and small effective mass (m∗ = 0.014 me) and the smallest
band gap (0.17 eV at RT) of all binary III-V compounds. Relatively easy grow-
th conditions allow to achieve good-quality large-area homogeneous crystal-
line layers on various substrates. The following absorption mechanisms are
of importance for the FIR detection in semiconductors [29]: intrinsic and ex-
trinsic photoconductivity as well as free charge carriers and their response on
an applied magnetic field (Fig. 2.16). In case of the intrinsic photoconductivi-
ty, photons of sufficient energy produce transitions between the valence and
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Figure 2.16.: An example of the photoconductive mechanism responsible for the ab-
sorption of radiation in semiconductors.
conduction band of a semiconductor, creating free electrons and holes. Becau-
se these transitions occur at frequencies above the threshold energy [equal to
the gap between the conduction and valence bands (∼ 43 THz or for wave-
lengths below ∼ 6 µm for InSb)], this mechanism is out of interest for the
millimeter- and submillimeter-wave range.
In case of the extrinsic photoconductivity, transitions from the donor-
impurity states to the conduction band are important. The impurity ioniza-
tion energy is much smaller than that of the intrinsic energy gap, that is why
this mechanism allows detection of radiation at a much longer wavelength
(40 - 120 µm for a Ge-doped Ga detector). In case of a hot-electron InSb bo-
lometer (which almost always contain hydrogenic impurities) the the Bohr
radius of the impurity ground state is large ∼ 60 nm, resulting in an effective
interaction between the hydrogenic centers and causing metallic behavior of
a such material. Even the purest InSb crystals contain uncontrolled impurity
with a concentration of about 1014 cm−3. The best sensitivity of the Ga:Ge and
n-InSb detectors can be achieved only at liquid-helium temperatures, when
the coupling between the the carriers and lattice becomes very weak. The ra-
diation absorption changes the effective electron temperature and mobility of
carriers increased, µ ∼ T3/2, resulting in a change of the conductivity. Intere-
stingly, since at long wavelengths the free-electron absorption is maximal and
independent on the wavelength, hot-electron bolometers do not have a long-
wave threshold since. Fast response time is determined by the electron-lattice
relaxation and is about 300 ns. Below 500 µm the electron absorption efficien-
cy falls rapidly (Fig. 2.17) reducing the detector performance. Such reducti-
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Figure 2.17.: Spectral response of n-InSb detectors used in ESR experiments at dif-
ferent magnetic fields. Red, blue, and black lines represent the spectral response of the
detector in typical magnetic fields of 0, ∼ 0.4, and ∼ 1 T, respectively.
on can be explained by the classical Drude conductivity and some photon-
phonon-electron processes reducing the detector response below 200 µm.
The spectral range of n-InSb bolometers can be extended using a magne-
tic field. The magnetic field decreases the Bohr radius of impurity states, re-
ducing the interaction between them. A field of ∼ 0.4 T reduces it so much
that discrete impurity levels are situated now below the conduction band.
The ionization energy depends upon the magnetic field and the purity of the
sample. This type of detector, known as the Putley detector, has significant
advantages over ordinary electron bolometers. Such a detector still operates
as an electron bolometer (but with somewhat reduced performance) at very
long wavelengths, while significantly improving the efficiency below 500 µm
(blue, dashed curve in Fig. 2.17).
Application of higher magnetic fields splits the conduction band of InSb
into Landau levels; in such a case the radiation detection is determined by
cyclotron-resonance transitions between the Landau levels. The resonance
frequency can be tuned by magnetic field. A broader spectral response can
be achieved using an inhomogeneous magnetic field. Transitions within the
impurity levels can play also an important role (in particular in magnetic
fields above 0.5 T), extending the spectral response of such a detector down
to 100 µm.
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Figure 2.18.: The InSb detector used in ESR experiments at HLD.
In our ESR experiments, both types (standard and magnetically-detuned)
of such liquid-He cooled InSb hot-electron bolometers (product of
”
QMC In-
strument Ltd“) were used. The n-InSb detector we used is shown in Fig. 2.18.
Spectral ranges of theses detectors are shown in Fig. 2.17. These detectors ha-
ve a high detection sensitivity (≈ 4 kV/W at λ = 1.1 mm) and fast response
(∼ 1µs). In order to prevent a parasitic background coming from the room-
temperature environment, low-pass optical filters with a cut-off frequency of
120 cm−1 and 55 cm−1 are used for magnetically-tuned and standard detec-
tors, respectively. A Winston cone with 15 mm aperture diameter is used to fo-
cus the radiation to the active element. A low-noise preamplifier (with a noise
parameter 5 nV/Hz1/2 above 1 kHz) is used to amplify the absorption si-
gnal up to about 1 V. The amplifier is fed with ±20 V. The used cryogenic
dewar should be refilled with nitrogen approximately every 24 hours, while
the liquid-helium hold time is about two weeks.
As mentioned, for the shorter wavelength range (down to ∼200 - 30 µm) a
Ge:Ga photoconducting detector (product of
”
QMC Instrument Ltd“) is used.
This detector has a larger time constant (of the order of milliseconds), but is
suitable for ESR experiments in combination with superconducting and mid-
and long-pulse magnets (with a full-pulse duration of several hundreds of
milliseconds). For operations in the wavelength range of 4 - 30 µm a liquid-
nitrogen cooled HgCdTe (MCT) photovoltaic detector (model J15D26-M204-
S01M-60, product of
”
Teledyne Judson Technologies“) with a time constant
of 80 ns is used.
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2.4. Magnets
Two types of magnets were used in ESR experiments. Fields up to 16 T were
produced by a liquid-helium cooled superconducting magnet with a vertical
bore (product of
”
Oxford Instruments Ltd“, UK). This magnet has a high ho-
mogeneity [better than 10−5 over a 1 cm DSV (diameter spherical volume)].
ESR spectra can be recorded with sweeping the magnetic field with rates up
to 0.7 T/min (0 - 7 T), and 0.5 T/min (7 - 16 T). To extend the measurement
range to higher magnetic fields one can use pulsed fields, where a short pul-
se of a high electric current is applied to the coil. In ESR experiments two
coils were used. In both cases, the current through the coil was produced by
discharging a capacitor bank. The pulse duration is determined by the values
of the capacitance and the coil inductance, while the magnetic-field strength
depends on the applied energy and the coil design. As the inductance of the
pulsed magnet is proportional to the number of wire turns, a higher maxi-
mum voltage of the capacitor bank is advantageous to obtain higher currents
for higher fields.
HLD is equipped with a 50 MJ/24 kV capacitor bank [30]. The power
supply consists of twenty modules: fifteen modules with a maximum electric
energy of 2.88 MJ, four 1.44 MJ modules and one 0.9 MJ module. The modules
can be operated in a variety of combinations, depending on needs (including
feeding of multi-coil magnets).
It is important to mention that pulsed-field magnets are subject to extreme-
ly high electrical, thermal, and mechanical stresses. The voltage between adja-
cent layers of the coil can be as high as several kV, requiring special measures
for wire insulation. The coils are cooled by liquid nitrogen. During pulses the
magnets undergo a mechanical and thermal shock. Because of the Joule hea-
ting, the wire temperature increases from 77 K to above room temperature
within fractions of a second. But the most serious problem is the huge mecha-
nical stress, which arises in the coil at peak field due to the Lorentz force. Since
pulsed-field magnets are operated close to the destruction limit, the magnet
design and choice of materials are of crucial importance.
Determined by various applications, several types of pulsed-field magnets
have been designed and fabricated at the HLD [31, 32]. As mentioned, for
the ESR experiments, two types of pulsed-field magnets, 8.5 MJ/70 T and
1.4 MJ/60 T, were used. The magnet 8.5 MJ/70 T is used for numerous high-
field experiments in fields up to 70 T [31, 33]. The coil has a bore with a dia-
meter of 24 mm. The outer diameter of the coil is 320 mm. A schematic view
of the 8.5 MJ/70 T magnet is shown in Fig. 2.19. The coil (1) contains 18
conducting layers, each layer has 36 turns. The calculated field homogenei-
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Figure 2.19.: Schematic view of a 8.5 MJ/70 T pulsed-field magnet. Main parts of
the magnet are: coil (1), reinforcement cylinder (2), G-10 end flanges (3), and current
leads (4).
ty in the center of the field is better than 7x10−4 over 1 cm DSV (diameter
spherical volume). High-copper-content alloy wire, Wieland-K88 [34], with
a cross-section of 4x6 mm2 and Kapton-tape insulation is used. The coil is
reinforced by a Zylon-stycast 1266 composite, (Zylon is a trademark name
of the high-performance fiber poly-(p-phenylene-2,6-benzobisoxazole) pro-
duced by
”
Toyobo Corporation“, Japan). The insulated wire is additionally
covered with a braided S2-glass sleeve. A stainless-steel cylinder (2) with ou-
ter diameter of 320 mm is used for external reinforcement of the coil. The
G-10 end flanges (3) of the magnet are tightened to the windings with M16
bolts which are screwed into the steel cylinder. A separate assembly pro-
vides transitions from copper connectors to the coaxial current leads (4).
The coil inductance is about 15 mH. This magnet has a pulse-field rise ti-
me of 35 ms, while the full-pulse duration can be changed from approxi-
mately 150 to 300 ms by using different crowbar resistors [30] (Fig. 2.20).
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Figure 2.20.: Magnetic field vs time for a 8.5 MJ/70 T magnet. The solid blue line
was obtained with a 0 Ohm crowbar resistor, while the dashed red line corresponds to
a 0.33 Ohm crowbar resistor. The inset shows the strength of the magnetic field along
its axial direction.
The maximum peak current is 23.5 kA [31]. As mentioned, during pulses the
wire temperature increases from 77 K to above room temperature. The typical
waiting time between high-field pulses required for temperature relaxation
of this coil is about 3 hours. Alternatively, the ESR experiments can be perfor-
med with smaller, 60 T, coils (1.4 MJ/60 T), with the bore diameter of 24 mm
and with a typical full-pulse duration of 40 - 50 ms. The advantage of using
smaller coils is the shorter temperature-relaxation time (about 1 hour).
2.5. ESR probes
The ESR experiments were performed using resonator-free spectrometers
equipped with oversized (9.4 mm inner diameter) wave-guides. Such a con-
struction allows for operation in a very broad frequency range (50 GHz
and higher). A schematic view of the 16 T ESR spectrometer is shown
in Fig. 2.21. As mentioned, in our experiments BWOs, MVNA, Gunn- and
VDI-diodes, and FELs can serve as radiation sources. The radiation propa-
gates through oversized waveguides to the sample, which is located in the
center of the magnetic-field coil. The waveguides are made from stainless-
steel tubes (10 mm outer diameter). The magnet is equipped with a variable
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Figure 2.21.: Schematic drawing of the 16 T ESR spectrometer. 1 - external brass
waveguides, 2 - mirrors, 3 - mylar windows, 4 - waveguides, 5 - fins, 6 - focusing
horns, 7 - modulation coil, 8 - thermometer, 9 - VTI heater, 10 - capillary, 11 - reflec-
ting joint, 12 - probe heater, 13 - needle valve, 14 - superconducting magnet.
temperature insert (VTI), allowing for experiments in a temperature range of
1.4 - 300 K. Mylar windows and O-rings are used to seal the VTI inset. The
waveguides are coupled by joints to two mirrors which redirect the radiati-
on from the radiation sources to the detector. In case of small samples, the
radiation can be focused using two gold-coated brass horns with minimal
diameter of 1.5 mm. Silicone grease or GE varnish is used to fix the sam-
ple inside the sample-holder. In case of narrow ESR lines (less than 10 mT),
a field-modulation technique can be used. For that, a modulation coil (2000
turns over 50 mm) is installed on the waveguide, close to the sample place.
The probe is equipped with a heater and thermometer (Cernox, CX-1050-SD,
product of
”
Lake Shore Cryotronics, Inc.“, USA) located close to the sam-
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ple. Using lock-in technique the spectrometer can work in two modes: eit-
her the radiation is modulated optically (using a mechanical chopper) or by
employing a field-modulation technique. The later produces the derivative of
the transmission signal, and, as mentioned, is preferable when the ESR line
is relatively narrow. The modulation frequencies can be varied in the ran-
ge between 1 and 500 Hz (optical modulation) and 3 Hz and 10 kHz (field
modulation).
A second ESR probe has been built for use in pulsed magnetic fields. It
has a very similar design, with a few variations. That probe is made using
two stainless-steel waveguides with 5.6 mm inner diameter to fit the availa-
ble sample space with a diameter of 14 mm. A cryostat (
”
KONTI-IT-Cryostat“,
product of
”
CryoVac mbH & Co KG“) equipped with VTI allows for ESR ex-
periments in a temperature range between 1.4 and 300 K. A cryogenic tempe-
rature controller (model 340, product of
”
Lake Shore Cryotronics, Inc.“, USA)
in combination with standard CernoxTM temperature sensors are used to mo-
nitor the temperature. A digital oscilloscope (model DL750, product of
”
Yoko-
gawa Electric Corporation“, Japan) is used to register the ESR signal and the
signal from the pick-up coil. DPPH (2,2-diphenyl-1-picrylhydrazyl) is used to
calibrate the magnetic field that is monitored using the integrated signal from
pick-up coil. A calibration accuracy better than 0.2% can be achieved.
The pulsed-field probe can be used in combination with two free-electron
lasers available at the FZD. These lasers produce a monochromatic radiation
in the wavelength range between 4 and 250 µm, allowing ESR experiments
with a spectral resolution of 0.5% [35]. To demonstrate the high spectral reso-
lution, DPPH was chosen for our experiments. Due to the narrow line and the
temperature-independent g-factor (2.0037) known with high accuracy DPPH
is widely used as ESR standard. A powder sample with a mass of 9 mg was
used in the experiment. The ESR spectrum of DPPH was obtained at a wa-
velength of 190.6 µm at a temperature of 7 K [35] (Fig. 2.22). Two very sharp
peaks were resolved in the ESR spectrum at 56.1 T during the up and down
field sweeps. The inset shows the ESR absorption in DPPH as function of ma-
gnetic field. The solid line represents a Gaussian fit. Our analysis reveals a re-
sonance width at half maximum of ∆B = 0.3 T in this measurement, which
corresponds to a spectral resolution of about 0.5% determined by the spectral
distribution of the FEL radiation power due to its bandwidth-limited pulsed
nature.
A further example of an ESR spectrum obtained by use of the FEL be-
am is shown in Fig. 2.23. The hexagonal YMnO3 is ferroelectric and an-
tiferromagnetically ordered at temperatures below TN ∼ 70 K, exhibiting
an antiferromagnetic gap of ∼ 1.3 THz in the magnetic excitation spectrum.
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Figure 2.22.: Time dependences of the magnetic field (blue line) and of the transmit-
tance of FEL radiation through DPPH (red) obtained at a wavelength of 190.6 µm
and a temperature of 7 K. The maximum of the field is 62 T. The inset shows the ESR
absorption in DPPH vs magnetic field. The black line represents a Gaussian fit with
∆B/B ≈ 0.5%. The 8.5 MJ/70 T magnet was used.
Figure 2.23.: An example of the ESR spectrum in YMnO3 obtained at a wavelength
of 199.8 µm at a temperature of 2 K.
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In our experiments, single-crystalline samples of YMnO3 with mass of 75 mg
and an approximate size of 3x3x1 mm3 were used. The sample was grown by
the traveling-solvent floating-zone technique. Fig. 2.23 shows an example of
an ESR spectrum obtained for YMnO3 at a wavelength of 199.8 µm in fields
up to 40 T and at a temperature of 2 K. A well-pronounced absorption cor-
responding to an antiferromagnetic resonance was observed for a magnetic
field oriented along the b axis. The double-peak structure of the absorption
(which can be an indication of a finite interaction between the triangular Mn
sublattices from adjacent layers [36]) is nicely seen in the ESR spectrum.
In addition to the described ESR spectrometers, an X-band (≈ 9.4 GHz,
1.8 T) ELEXSYS E500 spectrometer (product of
”
Bruker Corporation“) was
used as well.
2.6. Summary
In conclusion, the ESR spectrometers (and their main components, including
radiation sources, detectors, and probes) used in this thesis are described. The
spectrometers allow to perform ESR experiments in a very broad frequency-
field range (50 GHz - 1.4 THz using a 16 T superconducting magnet, and
100 GHz - 75 THz employing 70 T pulsed-field magnets). This equipment
is of particular importance for studying magnetic excitation spectra in spin
systems with large zero-field splitting (for instance single-molecular magnets,
magnetically ordered materials, and gaped quantum-disordered antiferroma-
gnets) and magnetic materials exhibiting field-induced phenomena (such as
spin-reorientation transitions, quantum critical behavior, etc.).
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3.1. Spin-12 chain systems: a brief description of
the model
The isotropic S = 12 Heisenberg chain with uniform nearest-neighbor ex-
change coupling represents one of the most fundamental models of quantum
magnetism. The system can be described using the effective spin-Hamiltonian
H = J ∑ ~Si · ~Si+1, (3.1)
where J is the nearest-neighbor interaction and ~Si is the quantum spin ope-
rator. Noticeably, this model is one of the few quantum many-body problems
which can be solved exactly. The theory [37] predicts that the ground state of
the S = 12 Heisenberg antiferromagnetic (HAF) chain (J > 0) is a spin singlet
(Stot = 0) with the spin-correlation function decaying algebraically. Interestin-
gly, such a systems is not long-range ordered even at T = 0.
The fundamental carriers of energy in an S = 12 HAF chain are quantum
excitations known as spinons (Fig. 3.1). Spinons are fractional quasi-particles
that possess spin values of S = 12 and, generally, can be only created in pairs.
As total spin in the isolated chain is conserved, only simultaneous flips of two
opposite spins are permitted. The spinons can be regarded as mobile domain
walls between two antiferromagnetic states.
Fractionalization of spin excitations into multi-spinon states is a finger-
print of the S = 12 HAF chain. Through the magnetic interaction with a pro-
bing photon (ESR) or neutron (neutron scattering), a single spin in the middle
of a chain can be flipped. This excitation carries S = 1 and separates into
two spinon pairs, subsequently moving apart by consecutive two-spin-flips
processes (Fig. 3.1c and d). Spinon pairs dominate the low-energy excited
states of an S = 12 HAF chain, forming a continuum band of allowed energies
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Figure 3.1.: Lowest-lying eigenstates of a Heisenberg antiferromagnetic S = 12 chain.
a) Possible ground state S = 0. A second possible state is found by flipping all the
spins b) The fundamental excitation is a mobile domain wall that consists of two
parallel spins - collectively known as a spinon (shown in yellow) - separating the
two possible ground states. c) Flipping a spin in the center of the chain produces an
excited state with a total spin of 1. d) Further flipping of two spins on each side of
the central spin produces a state with the same energy, so the spinons can propagate
independently within the chain.
whose upper and lower boundaries are determined by the spinon-dispersion
law [38]. The continuum of excited states is a consequence of the fact that spi-
nons with different momenta propagate independently from each other. The
excitation spectrum is represented by a dynamical spin-correlation function,
which can be probed by neutron scattering (over the whole Brillouin-zone as
shown in Fig. 3.2 [39]) and by ESR (at zero momentum). It is noteworthy, that
the excitation spectrum in such a system is gapless in zero magnetic field and
at B < Bsat, where Bsat is the saturation field. A uniform external magnetic
field causes a substantial rearrangement of the excitation spectrum, making
the soft modes incommensurate [38, 39], although the spinon continuum re-
mains gapless. In a sufficiently strong magnetic field, B > Bsat, the system
is in a fully spin-polarized phase and the excitation spectrum is gaped and
dominated by ordinary spin waves (magnons).
The gapless behavior is special for half-integer Heisenberg spin chains,
while for integer ones, Haldane conjectured [40] that there exists a finite ener-
gy gap between the singlet ground state and the first excited triplet states,
without any magnetic order at low temperatures. Experimental, numerical,
and theoretical studies have confirmed this conjecture for S = 1 and some
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Figure 3.2.: Magnetic inelastic neutron-scattering intensity for the S = 12 HAF
chain material CuPzN at T = 0.25 K in zero magnetic field [39]. (b) Calculated two-
spinon contribution to S(q, ω). Solid lines are predicted lower and upper bounds of
the two-particle spinon continuum [38]. After Ref. [39].
other higher spin values. On the other hand, half-integer spin chains can be
driven to a gaped phase by anisotropy or bond alternation.
The dynamical spin-correlation function and its evolution with tempe-
rature and magnetic field was successfully studied theoretically as well as
experimentally [38–42]. Various experimental results are systematically and
quantitatively understood within the isotropic one-dimensional Heisenberg
AF chain model with nearest-neighbor (NN) exchange interactions. Further
generalization of this is the inclusion of bond alternation and next-nearest-
neighbor (NNN) interactions:
H = ∑ J1
(
~S2i−1 · ~S2i
)
+ J2
(
~S2i · ~S2i+1
)
+ JNNN
(
~Si · ~Si+2
)
, (3.2)
where J1 and J2 are NN and JNNN is NNN exchange interactions. Such a sy-
stem can also be considered as a zigzag spin ladder (Fig. 3.3) characterized by
dimensionless parameters controlling the coupling strength: α = JN/J1 cor-
responds to the next-nearest-neighbor exchange and β = J2/J1 to the bond
alternation.
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Figure 3.3.: Bond connections in Hamiltonian (3.2). Here, J1 is designated as the
largest interaction, J and α = JN/J1, β = J2/J1 are dimensionless parameters.
Quantum effects and geometrical frustrations in such systems yield
a rich phase diagram of non-magnetic ground states at zero magnetic
field [43] (Fig. 3.4). When JN > 0, frustrations are important, irrespective of
the sign of J1. When α = 0 and β = 1, the system is equivalent to the Heisen-
berg chain exhibiting gapless excitations. The increase of the parameter α in-
duces an infinite-order phase transition from a gapless state to a gaped dime-
rized state. The critical value for α is numerically estimated to be αc = 0.241.
Then next remarkable peculiarity is the so-called Majumdar-Ghosh (MG)
point at α = 0.5, where the ground state has a twofold degeneracy and is
composed by products of singlet pairs formed by nearest-neighbor spins. The
MG point separates the commensurate dimer-gaped phase (αc < α < 0.5)
from incommensurate states (α > 0.5). The latter phase, characterized by spi-
Figure 3.4.: Schematic phase diagram of the parameter space for the Hamiltoni-
an (3.2), spanned by the two dimensionless parameters α and β. Phases C and IC
correspond to commensurate and incommensurate states, respectively. After Ref [43].
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ral spin correlations [44], is expected to extend up to the limit α → ∞, which
corresponds to two decoupled Heisenberg chains for which the gap value de-
cays exponentially, ∆ ∝ exp(−const · α−1).
On the β axis (α = 0) the Hamiltonian (3.2) represents AF-ferromagnetic
bond-alternating chains for β < 0. In the limit of β → −∞, the Hamilto-
nian is reduced exactly to the S = 1 Heisenberg AF model, described by
Haldane [40]. Spin-gap properties continue into the AF-AF alternating region
(β > 0). In the gaped regime the spin-correlation function decays exponenti-
ally, however, in the vicinity of the α axes (β ≈1) short-range correlations are
described by a semi-algebraic decay. The particular case β = 0 corresponds
to the two-leg ladder which turns into a number of isolated dimers at α = 0.
Shastry and Sutherland showed that a simple decoupled-dimer wave functi-
on is an exact eigenstate of Hamiltonian (3.2) and that it is the ground state
over a restricted parameter regime α = 2β [45]. Above the Shastry-Sutherland
line the IC region is situated (where the spin-correlation function decays with
a quasi-periodic oscillation) with a neighboring commensurate region charac-
terized by AF correlation, when alternating two spins point up and two spins
point down (↑↑↓↓). As soon as β = 1 the spin polarization is delocalized to
the whole system (corresponding to spinons) irrespective of the value of α
and the free-spinon picture appears to be applicable for the low-lying excita-
tions. When dimerization is introduced, two spinons create a bound state and
an isolated magnon branch (and even multimagnon branches) appear below
the spinon continuum becoming evident when β < 0.98.
Aside from the general aspect of theoretical interest, especially for under-
standing the role played by frustration and incommensurability in quantum
spin systems, an additional motivation to study zigzag spin ladders is the
fact that a large class of copper oxides can essentially be described by this
model. The distinct magnetic behavior of zigzag ladders for different ratios
of J2/J1 and JN/J1 is an important problem from both the theoretical and
experimental sides.
As mentioned, the most important feature of the uniform S = 12
Heisenberg-chain model is its integrability by means of the famous Bethe an-
satz [37]. However, as revealed theoretically and experimentally, the uniform
spin chains are unstable with respect to any perturbation, breaking the chain
uniformity. Such instability gives rise to a rich variety of strongly correlated
spin states and quantum phase transitions, making these objects an attractive
ground for testing various theoretical concepts experimentally. A competition
between NN and NNN interactions, as well as the presence of magnetic aniso-
tropy can fundamentally modify the ground-state properties of quantum spin
chains resulting in a large diversity of complex magnetic structures [46–53].
37
3. (6MAP)CuCl3: a spin-
1
2 chain system with NNN interaction
The experimental determination of these exchange interactions often is a
challenging task. For that, magnetic and thermodynamic measurements (ma-
gnetization, magnetic susceptibility, and specific heat) are very helpful but
do not give a detailed picture of the magnetic interactions. Inelastic neutron
scattering is a more suitable tool, but it has certain serious limitations (inclu-
ding, for instance, requirements on the sample size and chemical composition
of the material). That is why the search for new approaches (both theoretical
and experimental) that are helpful in clarifying the microscopic structure of
magnetic interactions appears to be of particular importance.
Electron spin resonance is traditionally recognized as one of the most sen-
sitive techniques for probing magnetic excitations with high resolution in spin
systems with collective ground states (see for instance [2, 54–56]). Recently,
the dynamical mean-field-like theory for the ESR in S = 12 chains with NN
and NNN interactions has been developed [57]. It was shown that in the ca-
se of an alternation of NN interactions, two ESR modes at the frequencies
hν1,2 = |gµBB + ∆1,2|, where ∆1,2 are energy gaps, should emerge. According
to Ref. [57] for a two-center S = 12 Heisenberg AF chain with alternating NN
interactions (J1,2 denote the values of the isotropic antiferromagnetic coup-
lings in the two-center model, and A1,2 describe the magnetic anisotropy for
those couplings), the absorbed power of the ac magnetic field with magnitude
h0 can be written as
Q =
(gµBh0)2νhγ
4
[
I1
(gµBB − ∆1 − hν)2 + (hγ)2
+
+
I2
(gµBB − ∆2 − hν)2 + (hγ)2
]
, (3.3)
where
2∆1,2 = (J1 + J2 + A1 + A2)R+ ±
[
(J1 + J2 − 2AN)2R2+ +
+(A1 + A2 − 2AN)(2J1 + 2J2 + A1 + A2 − 2AN)R2−
]1/2
. (3.4)
Here, γ is the relaxation rate, AN is the magnetic anisotropy of the NNN in-
teraction between spins in the chain, R± = 〈Sz0,1〉 ± 〈Sz0,2〉 are the sum and the
difference of the average values of the z-projections of the total spin, belon-
ging to the first and second magnetic center (i.e., the doubled homogeneous
and staggered magnetizations of the chain along the direction of the applied
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Figure 3.5.: Magnetic-field dependence of the ESR resonance frequencies for an al-
ternating antiferromagnetic spin-12 chain with strong (left) and small (right) NNN
interactions. After Ref. [57].
dc magnetic field). According to Eq. (3.3) the absorption has to show two ma-
xima as function of the applied dc magnetic field B for the two-center model,
whereas in the absence of magnetic anisotropy A1,2,N → 0, the absorption re-
veals only one maximum at hν = gµBB. This results nicely agrees with those
reported in Refs. [58–60]. The shifts of the resonance positions are determined
by ∆1,2. In order to observe two different shifts ∆1 < ∆2 the NNN magnetic
anisotropy has to satisfy the following inequality
AN [〈Sz0,1〉2 + 〈Sz0,2〉2] > (A1 + A2)〈Sz0,1〉〈Sz0,2〉.
Such an asymmetric shift of the resonance positions can be regarded as a ro-
bust signature of the presence of NN and NNN interactions.
Importantly, depending on the sign and strength of the NN and NNN in-
teractions, the theory predicts different frequency-field diagrams of ESR ma-
gnetic excitations (Fig. 3.5). ESR experiments on the frustrated S = 12 quasi-
one-dimensional systems In2VO5 [61], Li2ZrCuO4 [62], and on the asymme-
tric spin-ladder compound IPA-CuCl3 [63] revealed qualitative agreement
with the theoretical predictions.
In what follows, the present work studies the magnetic properties and ESR
in the low-dimensional compound (C6H9N2)CuCl3. This material had been
expected to be an S = 12 Heisenberg chain from the crystallographic structure,
however, possesses properties that can be explained in frame of the spin-12
alternating Heisenberg chain with NNN interactions.
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3.2. (6MAP)CuCl3: crystal structure, magnetic
and thermodynamic properties
The spin-chain complex (C6H9N2)CuCl3 [hereafter called (6MAP)CuCl3] has
an orthorhombic crystal structure belonging to the space group Pnma, with
lattice constants a = 11.4 Å, b = 6.6 Å, and c = 12.8 Å (measured at room
temperature [64]). Z = 4 is the number of formula units per unit cell [65].
The compound is built up from well-isolated, doubly-bridged linear chains
of Cu2+ ions (Fig. 3.6). There are two types of crystallographically similar
chains running along the b axis. Each copper ion has a square-pyramidal
coordination geometry, with the axial bond substantially longer than the ba-
sal ones, and with the direction of the axial bond alternating along the chain
axis b. The Cu-Cl-Cu bridging angle is well above 90 deg, which defines the
AF nature of the next-neighbor exchange interactions, J/kB ≈ 107 K [64, 65].
The individual chains are effectively isolated in the a and c directions by the
6-methyl-2-aminopyridinium (C6H9N2)
+cations. A hydrogen-position disor-
der in the amino groups, which link the Cu chains, has been identified in ear-
lier work [65]. Using the formula for the Néel temperature TN from Ref. [66]
and assuming TN < 100 mK (as evident from muon-spin-relaxation experi-
ments [67]), the interchain interaction J′/kB is estimated to be less than 40 mK,
suggesting J′/J < 4× 10−4 and indicating an almost perfect one-dimensional
nature of the magnetic correlations in (6MAP)CuCl3.
Figure 3.6.: Crystal structure of (6MAP)CuCl3.
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Figure 3.7.: a) Temperature dependence of the magnetic susceptibility (M/B) in
(6MAP)CuCl3 at B‖b (circles) and B ⊥ b (squares). The solid line represent χ(T) for
the uniform S = 12 Heisenberg AF chain [68] with J/kB = 107 K. b) Magnetization
data vs magnetic field applied at B‖b for different temperatures.
Magnetization measurements of single-crystalline (6MAP)CuCl3 samp-
les were performed using a Quantum Design SQUID magnetometer in the
temperature range between 1.8 and 300 K. High-quality single-crystalline
(6MAP)CuCl3 samples with sizes of approximately 1.5×1.5×3 mm3 were
used for magnetization as well as for specific-heat and ESR measurements.
The magnetization measured as a function of temperature in a magnetic field
of 0.1 T parallel and perpendicular to the b axis is shown in Fig. 3.7a. For both
crystal orientations, χ exhibits a broad maximum at ∼ 70 K (which is a si-
gnature of the low-dimensional character of the magnetic interactions) and
a Curie-like upturn is observed below ∼ 15 K. Overall, the data are similar
to those measured by Liu et al. [64] in a field of 5 T. The results of magneti-
zation measurements vs magnetic field at temperatures of 1.8, 15, and 70 K
are shown in Fig. 3.7b. The magnetization exhibits a linear field dependence
measured in fields up to 7 T. No saturation of the magnetization was observed
up to 60 T in pulsed-field measurements at a temperature of 1.5 K. Whereas
above ∼20 K, the susceptibility of (6MAP)CuCl3 exhibits a behavior typical
for an S = 12 one-dimensional AF Heisenberg chain system [64], below ∼20 K
a deviation from the expected behavior is observed [64, 65, 69], i.e., the low-
temperature magnetic susceptibility shows a pronounced low-temperature
upturn proportional to 1/T. Very often, in spin-chain compounds such a low-
temperature tail in the magnetic susceptibility originates from broken-chain
effects and/or defects, overshadowing the intrinsic low-temperature suscep-
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Figure 3.8.: Temperature dependence of the specific heat of single crystalline
(6MAP)CuCl3 a) at zero magnetic field and b) at different magnetic fields of 0, 10
and 14 T. The magnetic field is applied along the b axis. The blue solid line in a)
shows the specific heat for a two-level Schottky anomaly with energy gap of 5.3 K.
tibility (which is of particular importance when describing the ground state
of spin-chain materials).
The specific heat of a (6MAP)CuCl3 was measured in the temperature
range from 0.35 to 100 K by use of a thermal-relaxation method in a Quan-
tum Design PPMS system. A relatively broad anomaly was observed at
T ≈ 2.2 K (Fig. 3.8a) [69]. The entropy under the anomaly, ∆S = 4 J/molK,
was calculated after subtraction of the lattice contribution and of the low-
temperature part of the magnetic specific heat of an S = 12 HAF chain. The
shape of this anomaly appears to be reminiscent of a two-level Schottky-type
specific heat. The low-temperature part of the specific heat for (6MAP)CuCl3
was fitted by the following equation:
C = a · T + bT3 + R
(
E
kBT
)2 g1
g2
exp
(
E
kBT
)
[
1 + g1g2 exp
(
E
kBT
)]2 , (3.5)
where R = 8.31 J/molK is the universal gas constant, b and E are fitting para-
meters. In Eq. (3.5), the first term with a = 0.0515 J/molK2 represents a con-
tribution from the S = 12 HAF chain with J/kB = 107 K and the second term
corresponds to the lattice contribution. The last term is a two-level Schottky
specific heat [70] with a degeneracy ratio g1/g2 = 1. This fit allows to estimate
the energy gap, E/kB ≈ 5.3 K.
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In the case of a magnetically induced gap (occurring for instance in
[PM·Cu(NO3)2(H2O)2]n [71]), a significant shift of the anomaly with incre-
asing magnetic field would be expected. Such behavior would correspond
to the creation of a breather mode as shown in Ref. [56]. The specific heat
of (6MAP)CuCl3 was measured in magnetic fields up to 14 T. However, no
changes in the anomaly position as well as in the overall specific heat were
observed (Fig. 3.8b). This shows that the observed anomaly is not of magnetic
origin. The magnetic-field independence suggests that the pronounced maxi-
mum at T ≈ 2.2 K is caused by structural effects. Particularly, it can be re-
garded as a low-temperature signature of hydrogen-position disorder in the
amino groups linking the Cu chains [65]. In order to better understand the ma-
gnetic properties we investigated the low-temperature excitation spectrum in
(6MAP)CuCl3 by means of ESR [72].
3.3. ESR studies of (6MAP)CuCl3
Low-frequency ESR experiments were performed using the X-band Bru-
ker E500 spectrometer operating at a frequency of 9.4 GHz. The ESR spectra
appear as a single resonance line with a shape close to Lorentzian. Tempera-
ture dependences of the ESR linewidth and resonance field in (6MAP)CuCl3
measured for B ‖ b down to 7 K are shown in Fig. 3.9. With decreasing tem-
perature, the ESR line becomes broader, accompanied by a pronounced shift
of the resonance field.
Figure 3.9.: Temperature dependences of the ESR linewidth and position of the reso-
nance field measured by use of the X-band Bruker spectrometer.
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Two temperature regions (below and above T∗ ≈ J/kB) can be clearly
distinguished. The observed behavior unambiguously confirms the incom-
patibility with the response from a simple uniform S = 12 Heisenberg chain
model. The low-temperature upturn (T < T∗) of the linewidth and of the
position of the resonance field (Fig. 3.9) can only be explained by the pre-
sence of additional interactions (which are relevant perturbations for the cri-
tical Heisenberg chain from the viewpoint of renormalization group). They
may originate from different factors, such as symmetric (exchange) or asym-
metric (Dzyaloshinskii-Moriya) spin-spin interactions, or the g-tensor alter-
nation, which would cause a multiplication of the unit cell [58–60]. Besides,
in accordance with this theory [58–60], the linear increase of the linewidth
above T∗ can be explained by exchange anisotropy.
To study the frequency-field dependence of the magnetic excitations in
(6MAP)CuCl3, further experiments were made using the high-field tunable-
frequency ESR spectrometer. The ESR measurements were performed in the
frequency range between 100 and 400 GHz in magnetic fields up to 16 T. The
magnetic field was applied along the b axis. A single ESR line (with g = 2.06
at 20 K) was observed at temperatures above 5 K. Below ∼ 5 K a second
resonance mode appears (the mode B in Fig. 3.10).
Figure 3.10.: ESR spectra of (6MAP)CuCl3 obtained at a frequency of 300 GHz for
different temperatures.
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Figure 3.11.: Field dependence of the magnetic-excitation frequencies in
(6MAP)CuCl3 at T = 1.4 K. Symbols denote experimental data, while solid
lines correspond to theoretical results (see text for details). The dashed line denotes
hν = gµBB for g = 2.
The frequency-field diagram of the magnetic excitations in (6MAP)CuCl3
obtained at 1.4 K is shown in Fig. 3.11. The resonance absorptions in the stu-
died frequency-field range have a linear field dependence with g ≈ 2. Linear
extrapolations of the frequency-field dependences of the ESR modes A and
B to zero field yield the resonance-field shifts ∆A = 15.9 GHz (0.76 K) and
∆B = −59 GHz (-2.83 K), respectively. No signatures of these low-energy
gaps were observed in magnetization measurements (Fig. 3.7), since the lo-
west temperatures used in magnetizations experiments are comparable with
the gap values.
It was shown theoretically [58–60], that the ESR response of an ideal uni-
form S = 12 Heisenberg AF spin chain with magnetically isotropic interactions
should reveal a single peak in the ESR absorption with zero linewidth (in the
absence of spin-lattice and electron-nuclear couplings) and with the position
of the resonance proportional to the applied magnetic field. The observati-
on of two gaped modes clearly indicates the incompatibility with this simple
model, suggesting the presence of additional interactions in this compound.
The ESR spectra in (6MAP)CuCl3 can be consistently described by the
theory presented in Ref. [57], assuming that the intrachain interaction is of
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Figure 3.12.: A schematic view of a spin-chain structure with four nearest-neighbor
(J̃1,2,3,4) and one next-nearest-neighbor (J̃N) interactions proposed for (6MAP)CuCl3
(see text for details).
the order of the observed gaps. The combined effect of alternation and ma-
gnetic anisotropy is predicted to manifest itself in the opening of a gap in the
ESR spectrum. Most importantly, the presence of the AF NN and of a large-
enough NNN interaction (see Eq. 3.1) should result in asymmetric (with re-
spect to hν = gµBB) frequency-field dependences of the ESR peaks (Fig. 3.5a).
This proposed frequency-field dependence nicely agrees with our observati-
ons in (6MAP)CuCl3, strongly suggesting the presence of NNN interaction
and alternation in this compound. On the other hand, the observation of a
broad maximum in the susceptibility of (6MAP)CuCl3 at T ∼ 70 K implies
the presence of short-range-order spin correlations at this energy scale, which
is much larger than the observed gaps.
To describe both the magnetic susceptibility and the ESR data a more com-
plex scenario has to be considered. The inclusion of additional magnetic in-
teractions for a minimal model results in an effective tetramerization of the
spin-spin couplings. Different values of exchange couplings (defined as J̃1,2,3,4
in Fig. 3.12) between neighboring sites along the chain would yield the mul-
tiplication of the magnetic unit cell and, as a consequence, four ESR modes in
the excitation spectrum.
Since no integrable model for (6MAP)CuCl3 is available, the simplified
four-center XY model [73] is applied to illustrate the effect of NNN interac-
tions. Although no physical realization of the XY model (with J = A, where
J and A are the exchange coupling and anisotropy parameters, respectively)
is known, the exceptional usefulness of this model is determined by its ex-
act solvability. The dispersion laws of the four excitation branches, A, B, C,
and D, are shown in Fig. 3.13. In ESR experiments transitions between spin
eigenstates with ∆Sz = 1 should be observable, i.e., all four branches at k = 0
should be excitable in ESR measurements. In the present experiment only the
two lowest-energy branches could be detected due to the restricted excitation
frequencies available.
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Figure 3.13.: Dispersion relation of the magnetic excitations along the chain directi-
on at B = 0. The inset shows the low-energy part of the magnetic-excitation disper-
sion in the vicinity of k = 0.
The best agreement between the ESR data and calculations was obtained
using the parameters J̃1 = J̃3 = 105 K, J̃2 = 110 K, J̃4 = 96 K, and J̃N = 0.8 K
for the alternating NN (J̃1−4) and NNN (J̃N) interactions, respectively. The
values of the exchange integrals agree with the estimated values for the su-
perexchange [65] in (6MAP)CuCl3. In Fig. 3.14, the calculated frequency-field
dependence of the resonance excitations for the four-center S = 12 chain mo-
del with the chosen set of parameters is presented. One can see that the low-
energy ESR branches of the model agree well with the observed experimental
features (Fig. 3.11). The predicted high-energy ESR modes C and D (Figs. 3.13
and 3.14 ) may be the subject of future ESR experiments.
Interestingly, regardless of the microscopic origin of the alternation and
of the exact values of the alternating parameters, the gap values between the
lower (A and B) and upper modes (C and D) (Fig. 3.13) are mainly determined
by the NNN interaction [57]. The value obtained for the NNN exchange inter-
action, JNNN = 0.8 K, is about two orders of magnitude smaller than the NN
exchange interactions. This value is well below the resolution limit of other
spectroscopic techniques of this spectral range, but perfectly fits the resolu-
tion parameters of standard ESR techniques. Thus, ESR can serve as a very
sensitive tool to detect details of the excitation spectrum in alternating spin
chains due to NNN interactions.
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Figure 3.14.: The frequency-field dependence of magnetic excitations of the four-
center XY S = 12 chain model.
The appearance of the energy-gap in the low-energy ESR spectrum should
manifest itself also in a peculiar behavior of the magnetic susceptibility at tem-
peratures T ∝ ∆1,2. The temperature dependence of the magnetic susceptibi-
lity (down to 1.8 K) is shown in Fig. 3.15 together with the calculated results
(based on the four-center chain model, Fig. 3.12) using the obtained parame-
ters. As follows from the model, the presence of the low-energy gaps, obser-
ved in our ESR experiments, should determine the low-T part of the magnetic
susceptibility, while the high-energy branches (and the related gaps) deter-
mine the magnetic susceptibility at high temperatures. The main features of
the calculated susceptibility (low-temperature maximum, a pronounced dip
at T ≈ 13 K, and a broad maximum at T ≈ 70 K) are consistent with the
experimental data, suggesting the validity of the four-center spin-chain mo-
del with NNN interaction. Notice that this simplified theoretical estimate for
the temperature dependence of the magnetic susceptibility can serve only as
illustration of the qualitative similarity of the experimental and model fea-
tures. Detailed theoretical studies of the four-center AF spin chain with NN
and NNN interactions, unfortunately, are not available now, but would be
necessary to precisely determine the relevant parameters (exchange integrals,
magnetic anisotropy, etc.) of the studied compound.
What is the origin of the proposed interaction alternations? A possible
cause for that might be a spin-Peierls transition. However, a thorough search
for possible superstructures by synchrotron x-ray diffraction, carried out at
the MAGS beamline at the Helmholtz-Zentrum Berlin, gave no indication for
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Figure 3.15.: Temperature dependence of the magnetic susceptibility of
(6MAP)CuCl3. Experimental data are shown by open circles, while the solid
line corresponds to the calculated result by use of the four-center XY model with the
same set of parameters as in Figs. 3.13 and 3.14.
a structural anomaly (which would suggest a spin-Peierls transition) down
to 1.5 K.
There are two previously known compounds with an alternating
S = 12 Heisenberg-chain structure, that are structurally uniform at room
temperature: Cu(4-methylpyridine)2Cl2 [CuCl2(mepy)2] [74] and Cu(N-
methylimidazole)2Br2 [CuBr2(midz)2] [75]. The alternation parameter (ra-
tio of weaker to stronger interactions strength was found to be 0.6(1) for
CuCl2(mepy)2 and 0.4(1) for CuBr2(midz)2. Although due to the tendency
of these materials to twin in neither case the methyl-hydrogen ions could be
crystallographically located, the uniform nature of the chains at room tem-
perature is verified. Studies of the dielectric constants of the two compounds
clearly revealed anomalies near 50 K for CuCl2(mepy)2 [76] and at 50 and
105 K for CuBr2(midz)2 [77]. These data were interpreted as freezing of the
methyl-group rotations which could induce a slight twisting of the copper
octahedra so and produce an alternating variation of the exchange pathways.
Magnetic studies of these materials [78, 79] revealed the characteristic maxi-
mum in the magnetic susceptibility as well as a gaped ground state [similar
to that observed in (6MAP)CuCl3].
While the methyl groups in (6MAP)CuCl3 are ordered at room tempera-
ture, the hydrogen atoms of the amino groups are disordered [65], leaving
open the possibility that the observed magnetic behavior arises from a similar
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freezing transition. A potential signature of the proposed scenario is the pro-
nounced field-independent maximum in the specific heat at ∼ 2.2 K (Fig. 3.8),
which would correspond to a low-temperature Schottky anomaly due to the
hydrogen-position order. This assumption is supported from the estimated
value of the barrier energy which correlates with the characteristic tempera-
ture, T ≈ 5 K, at which the second ESR mode appears. It is notable that the
variations of the exchange strengths in (6MAP)CuCl3 are much smaller than
those observed in CuCl2(mepy)2 and CuBr2(midz)2.
3.4. Summary
In this work, ESR studies of the low-energy excitation spectrum in the S = 12
chain system (C6H9N2)CuCl3 are presented. Two gaped modes with asym-
metric (with respect to the hν = gµBB line) resonance positions have been
observed in the low-temperature ESR spectrum, reflecting the discrepancy
with the simple S = 12 Heisenberg AF chain model employed for this com-
pound previously [65]. The unusual ESR spectrum is interpreted in the frame
of the recently developed theory for S = 12 chains [57], strongly suggesting
a multiplication of the magnetic unit cell and the presence of NNN interacti-
ons in this compound. This suggestion is supported by model calculations for
the magnetic susceptibility of (C6H9N2)CuCl3, revealing a good qualitative
agreement with experiment.
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4.1. Spin dynamics in spin-12 chains with
alternating g-tensor or DM interaction
As mentioned in Chapter 3, the fundamental properties of the isotropic S = 12
HAF chain can be drastically changed in the presence of small perturbations.
The effect of an alternating g-tensor and/or the Dzyaloshinskii-Moriya (DM)
interaction is worthy to attention. In the presence of such interactions, the ap-
plication of a uniform external magnetic field B induces an effective staggered
field h = cB, which is approximately perpendicular to B. The coefficient c de-
pends on the orientation of the applied magnetic field and the direction and
magnitude of the DM interaction. The Hamiltonian of a spin-12 HAF chain in
a staggered magnetic field can be written as
H = ∑ J(~Si · ~Si+1 − gµBBSzi − (−1)iµBhSxi ), (4.1)
where the first term is the nearest-neighbor exchange interaction, the second
term describes the spin interaction with the external magnetic field B, and the
last term is the spin interaction with the effective transverse staggered field
h [80]. It was shown, that the effective transverse staggered field in the pre-
sence of a magnetic field results in the opening of an energy gap, ∆ ∼ B2/3.
The field-induced energy gap leads to a number of prominent features incom-
patible with a simple spin-12 HAF chain model. A number of physical reali-
zations of the sine-Gordon spin system are known up to date [3, 71, 81–84].
Among others, copper benzoate [81] and copper pyrimidine dinitrate [71] are
the most intensively studied materials.
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Figure 4.1.: Illustration of low-energy excitations in the quantum SG model. Soliton,
antisoliton, and breathers are labeled as S, S̄, and Br, respectively.
Using a low-energy effective theory, Oshikawa and Affleck [80,85] demon-
strated that the system described by Eq. (4.1) can be mapped onto the quan-
tum sine-Gordon (SG) model in a magnetic field with the Lagrangian density
L =
1
2
[
∂2φ
∂t2
− v2s
∂2φ
∂x2
]
+ λ(h) cos(2πRφ̃), (4.2)
where φ is a canonical Bose field, φ̃ is the dual field, R is the compactification
radius, vs is the dimensionless spin velocity, and λ(h) is a coefficient which
cannot be calculated exactly [86]. Fields φ and φ̃ are scalar fields, which re-
late to the density and to the current of quasi-particles in the bosonization
method [87], respectively. Both R and vs are known exactly as functions of
H̃ = gµBB/J from the solutions of Bethe-ansatz equations [80].
The sine-Gordon theory, Eq. (4.2) is of interest as an integrable nonline-
ar differential equation featuring soliton solutions. On the quantum level the
SG model is exactly solvable resulting in the precise theoretical description
of many observable properties and physical parameters of sine-Gordon-like
magnetic materials. In particular, it predicts that the excitation spectrum of
a sine-Gordon system consists of solitons, antisolitons, and bound states of so-
litons and antisolitons, so-called breathers. The energy structure of these ele-
mentary excitations contributing to the low-energy spin dynamics is sketched
in Fig. 4.1. Because of the staggered field h the excitation spectrum exhibits
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incommensurate and commensurate gaped modes, which is in contrast to the
pure Heisenberg case where the spectrum remains gapless.
The incommensurate shift q0 = 2πm(B) is determined by the total ma-
gnetization per spin m, exactly known as a function of the external field.
The quantum sine-Gordon field theory provides an expression for the soliton
gap ∆s, which is applicable in a wide magnetic field range up to gµBB ∝ J [80]:
∆s = J
2Γ( ξ2)vF√
πΓ(1+ξ2 )

gµBB
JvF
πΓ( 11+ξ )cAx
2Γ( ξ1+ξ )


1+ξ
2
∝ B2/3. (4.3)
Here, the parameter ξ =
(
2/(πR2)− 1
)−1
[80]. The amplitude Ax is a functi-
on of H̃ and has been computed numerically [88].
The breathers correspond to commensurate modes at q = 0 and have
a hierarchical structure, where the gap of the n-th breather is described as
∆n = 2∆s sin
(
nπξ
2
)
. (4.4)
The number N of breather branches is limited by N < [ξ−1]. At zero magnetic
field, the first breather Br1 is degenerate with the soliton-antisoliton doublet
S, S̄. At finite field this degeneracy is lifted so that Br1 becomes the lowest
excitation and gives the strongest contribution to the magnitude of the gap
observed in specific-heat experiments [71]. The sine-Gordon model predicts
two more
”
heavy“ breathers Br2 and Br3 to exist in the relevant frequency-
field range.
This picture appears to be reasonable as long as the induced field h is very
small so that it affects the parameters R and vs negligibly. With the applica-
tion of a high magnetic field, comparable to the exchange constant, one ap-
proaches the incommensurate-commensurate transition to the saturated state
and the spin velocity thus tends to zero [80]. Unlike the weak-field regime,
for which analytical results have been obtained, the saturation region has so
far been studied only numerically [89–91]. The calculated magnetic-field de-
pendence of the gap is shown in Fig. 4.2 for different values of the proportio-
nality constant c [91]. The numerical data reveal a nonmonotonic dependence
of the field induced gap with a pronounced minimum near the saturation
field. Curiously, this minimum is pronounced only for small values of c and
disappears when it is above some critical value. Such nonmonotonic beha-
vior of the gap is due to the competition between the applied field and the
induced staggered field. Above the saturation field, the field dependence of
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Figure 4.2.: The lowest spin gap in the spin-12 sine-Gordon chain as a function of
B for several values of the proportionality constant c. The data were obtained using
exact diagonalization technique. After Ref. [91].
the gap tends asymptotically to the linear behavior ∆ ∝ (B − Bsat), which
corresponds to ordinary spin waves (magnons) in the fully polarized spin
state.
For the first time, the remarkable changes in the excitation spectrum of
the sine-Gordon spin chain in the vicinity of the saturation field have been
experimentally observed by Nojiri et al. [92]. The frequency-field dependence
of ESR excitations in copper benzoate was measured at B‖c, revealing only
qualitative agreement with results of density matrix renormalization group
(DMRG) calculations (available for copper benzoate at B‖c′′ [89]).
In this work, the excitation spectrum of [PM·Cu(NO3)2(H2O)2]n, a spin-12
Heisenberg chain with alternating g-tensor and DM interactions, has been
probed in magnetic fields up to 63 T. Pronounced changes in the ESR spec-
trum are observed in the vicinity of the saturation field, Bsat = 48.5 T [93],
clearly indicating a transition from the soliton-breather to the magnon state.
Experimental data are compared with corresponding results of DMRG calcu-
lations. Excellent qualitative agreement is found.
54
4.2. Cu-PM: crystal structure, magnetic, and thermodynamic properties
4.2. Crystal structure, magnetic, and
thermodynamic properties of the sine-Gordon
spin chain material [PM·Cu(NO3)2(H2O)2]n
As mentioned, copper pyrimidine dinitrate [PM·Cu(NO3)2(H2O)2]n (hereaf-
ter Cu-PM; PM = pyrimidine C4H4N2) is one of the best realizations of the
quantum sine-Gordon spin-chain model known to date. Cu-PM crystallizes in
a monoclinic structure belonging to the space group C2/c with four formula
units per unit cell [71]. The lattice constants obtained from single-crystal X-ray
diffraction are a = 12.404 Å, b = 11.511 Å, c = 7.518 Å, and β = 115.0 deg.
The low-temperature crystal structure is essentially the same as at room tem-
perature. The crystal structure suggests that the exchange interaction between
neighboring Cu2+ ions should have a one-dimensional nature (Fig. 4.3).
The Cu2+ ions form chains running parallel to the ac diagonal. The ma-
gnetic exchange, J, between nearest-neighbor Cu2+ spins are formed by the
N-C-N moieties of pyrimidine. The Cu2+ environment is a distorted octahe-
dron, built from an almost square N-O-N-O equatorial plane and two oxygens
in the axial positions (Fig. 4.3). In this approximately tetragonal local symme-
try, the local principal axis of each octahedron is tilted alternately from the ac
plane by 29.4 deg. This leads to the staggered inclination of the principal axes
of the g-tensor. Since there is no inversion symmetry at the middle point of
two adjacent spins along the chain direction, the DM interaction can exist.
Single crystals of Cu-PM have been grown by slow evaporation of the
equimolar aqueous solution of copper nitrate and pyrimidine [95]. For the
Figure 4.3.: Schematic view of the room-temperature crystal structure of
[PM·Cu(NO3)2(H2O)2]n [94]. Local principal axes of octahedrons surrounding
the central Cu2+ ions alternate along the chain direction resulting in a staggered
g-tensor.
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ESR measurements the samples were oriented along the characteristic orien-
tation c′′, which is characterized by the maximal value of the staggered ma-
gnetization for Cu-PM [71]. The effective value of the g-factor along the c′′
direction was determined at room temperature, g = 2.24 [56]. High-quality
single-crystals of Cu-PM with typical sizes of 3x3x5 mm3 were used.
Cu-PM is magnetically described as an S = 12 HAF spin chain with the ex-
change constant J/kB = (36± 0.5) K, extracted from the single-crystal suscep-
tibility [71] and confirmed by magnetization measurements [93]. No indicati-
ons are found for three-dimensional long-range ordering down to 0.3 K. Be-
cause of that it was concluded that the interchain interaction is smaller than
the intrachain interaction by at least a factor of 10−2. The crystal structure (na-
mely the tilted local anisotropy axis of octahedrons) of Cu-PM constitutes the
prerequisite for the appearance of a staggered field, when an external magne-
tic field B is applied. Consequently, the Hamiltonian of the present system in
magnetic field can be described by Eq. (4.1).
In accordance with the SG model, the magnetic susceptibility is represen-
ted as
χ = χi + χs . (4.5)
χi is the uniform magnetic susceptibility for a spin-
1
2 HAF spin chain without
a staggered field [68] and χs is the staggered susceptibility given by
χs ≈ 0.27
(
NAg
2µ2B
4kBT
)[
ln
(
J
kBT
)]2
. (4.6)
The staggered susceptibility can be well approximated by a Curie law for
T ≪ J where the logarithmic term is almost constant χs ∝ Cs/T. Thus, a Curie
term in the magnetic susceptibility of a SG spin chain arises from the tempe-
rature dependence of the staggered susceptibility, i.e., a Curie term is intrinsic
to the present system.
The temperature dependence of the magnetic susceptibility for Cu-PM
was measured at different orientations of the magnetic field [71]. Typical cur-
ves of the magnetic susceptibility are shown in Fig. 4.4. The susceptibilities
exhibit broad peaks at Tmax ≈ 23 K indicating the low-dimensional character
of the spin interactions in the material, whereas χ for α = 53 deg (which is
close to c′′ ≈ 48 deg) increases rapidly below 7 K, obeying a Curie law. For
α = 143 deg only a slight increase at lowest temperatures occurs. Such behavi-
or of the magnetic susceptibilities χ is nicely described by Eq. (4.5). The Curie
constant Cs depends strongly on the field direction when applied in the ac pla-
ne. Two characteristic directions a′′ and c′′ were determined corresponding to
the minimal and maximal values of Cs, respectively. Such anisotropy of the
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Figure 4.4.: Temperature dependence of the magnetic susceptibility for orientations
close to a′′ (α ≈ 138 deg) and c′′ (α ≈ 48 deg) directions and corresponded fits
according to Eq. (4.5). The angle α is the angle between the applied magnetic field and
the c axis. The staggered susceptibilities shown by dashed lines are very pronounced
for one direction, and vanishes almost completely for the other. After Ref. [71].
magnetic susceptibility implies that the staggered field becomes maximum
for B‖c′′ and minimum for B‖a′′ in the ac plane. Therefore, the favourable di-
rection c′′ at an angle of about 48 deg with respect to the c axis was selected
for further investigating field-induced effects.
If an external magnetic field induces an energy gap in the excitation spec-
tra, it should be observable in specific-heat measurements. Indeed, this state-
ment was supported by specific-heat data [71]. The temperature dependence
of the specific heat for Cu-PM is shown in Fig. 4.5a. In finite fields and at low
temperatures, Cm is suppressed below its zero-field value. As the tempera-
ture increases, Cm(B, T) rises above the zero-field curve, before settling back
down to it at high temperatures. Such behavior indicates a transfer of spectral
weight from low to higher energies, and is a clear signature of a field-induced
gap ∆. These temperature dependences of the specific heat for Cu-PM are in
very good agreement with the sine-Gordon model [86] and were well fitted
using only two parameters, namely the magnetic-field dependent spin-wave
velocity vs and the gap ∆ [71].
As it is shown in Fig. 4.5b, the dependence of the energy gap on the magne-
tic field is well described by ∆ ∝ B2/3, proving the expectation. A similar set of
parameters describes the field and orientation dependence of the susceptibi-
lity and the specific heat very well, providing clear experimental evidence for
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Figure 4.5.: a) Temperature dependence of the specific heat of Cu-PM for different va-
lues of the applied magnetic field B‖c′′ i.e., along the orientation with maximum stag-
gered field. b) Energy gap in Cu-PM vs magnetic field as determined from specific-
heat measurements. Red line corresponds to results of the sine-Gordon model [86].
After Ref. [71].
the direct relation between the field-induced gap and the staggered suscepti-
bility predicted by theory.
A detailed information about the magnetic-excitation spectrum can be
precisely obtained by high-resolution ESR spectroscopy. Since ESR measu-
rements test excitations only at q = 0, the breathers can be observed by ESR,
whereas the soliton and antisoliton corresponding to the excitations at q = qo
cannot be observed directly. Nevertheless, in previous ESR experiments the
soliton resonance labeled Es in Fig. 4.1 could be observed [56]. This corre-
sponds to the excitation energy at q = 0 that connects to the soliton and anti-
soliton at q = ±qo. The energy of the soliton resonance is given by
Es ≈
√
∆2s + (gµBB)
2 . (4.7)
The soliton resonance and the breathers up to the third order are the main
excitations that are predicted by the quantum SG field theory. ESR measure-
ments performed in magnetic fields up to 25 T gave a more detailed picture
of the low-energy excitation spectrum of Cu-PM [56]. The frequency-field
dependences of observed ESR modes in Cu-PM are shown in Fig. 4.6. A si-
gnature of soliton and three breathers were revealed. In addition to the soli-
ton and breather modes, a few more modes were resolved, labeled C1 − C3
(which correspond to the edges of the soliton-breather continuum) and mo-
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Figure 4.6.: Field dependence of the observed ESR modes in Cu-PM. Experimental
data are denoted by symbols, and lines correspond to results of calculations using the
sine-Gordon theory. After Ref. [56].
des U1 − U3. The origin of the modes U1 − U3 is not clear at the moment. It
might be related to bound states due to topological edge effects [96, 97]. No-
ticeably, the experimental results are successfully described by the quantum
SG field theory with only one adjustable parameter c (Fig. 4.6).
An experimental observation of the crossover to the regime where the
SG model breaks down is an important problem in view of its relevance
to a confirmation of the theoretical predictions. The previous ESR study of
Cu-PM has been performed in magnetic field up to 25 T [56], which is below
the critical field. In this work, ESR measurements were extended in higher
fields up to 63 T.
4.3. Excitation spectrum in Cu-PM in the vicinity
of the saturation field
ESR experiments of Cu-PM were performed using the pulsed-field ESR spec-
trometer equipped with VDI diodes as tunable sources of millimeter-wave
radiation. A 8.5 MJ/70 T magnet was employed to generate pulsed magne-
tic fields with pulse-field rise time of 35 ms and full-pulse duration of about
200 ms. DPPH was employed for calibration of the magnetic field, which was
applied along the c′′ direction of Cu-PM. A typical ESR spectrum taken in Cu-
PM at temperature of 1.9 K and frequency of 297.6 GHz is shown in Fig. 4.7.
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Figure 4.7.: The ESR transmission spectrum of Cu-PM, taken at a frequency of
297.6 GHz at T ≈ 1.9 K. The magnetic field was applied along the c′′ axis, which is
characterized by the maximal value of the staggered magnetization.
Figure 4.8.: The frequency-field dependence of ESR modes observed in the present
study (open squares) shown together with the data from Ref. [56]. The solid line cor-
responds to the result of DMRG calculations.
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The low-field part of the spectra agrees nicely with the previously ob-
served modes [56]. For fields B > 25 T, a nonlinear behavior in the
frequency-field diagram (Fig. 4.8) was observed for the first breather mode.
The magnetic-field dependence of the field-induced gap in Cu-PM was stu-
died numerically by means of DMRG techniques. The calculations (number
of sites L = 200) were performed by S. Manmana (group of Prof. F. Mila, Insti-
tute of Theoretical Physics, Lausanne, Switzerland). The used model is a HAF
spin-12 chain in the magnetic field Eq. (4.1) with staggered transverse field
h = 0.083B. Results of the calculations are shown in Fig. 4.8 by the solid line.
Excellent agreement with our experimental data is found. As mentioned, the
application of a uniform external field induces an effective transverse stag-
gered field h ∝ H, which opens an energy gap ∆ ∝ B2/3. At B ≈ J/gµB
the frequency-field dependence of the first breather mode exhibits a change
of its slope, resulting in a broad maximum at approximately 35 T. This be-
havior can be explained by a reduction of the effective transverse staggered
field at high magnetic fields and, correspondingly, by an increase of the uni-
form magnetization [89, 91]. At B > Bsat = 48.5 T, the system is in the fully
spin-polarized state and the excitation spectrum is formed by ordinary ma-
gnons. Interestingly, the effective transverse staggered field does not vanish
completely at B = Bsat, preventing the excitation gap from closing even at
very high magnetic fields, when the sine-Gordon model does not hold any
longer. This property appears to be a general feature of the high-field exci-
tation spectrum of quantum spin-12 chain systems with alternating g-tensor
and/or Dzyaloshonskii-Moriya interactions.
4.4. Summary
In summary, the frequency-field diagram of magnetic excitations in Cu-PM,
a material containing S = 12 AF chains with alternating g-tensor and DM
interaction, has been studied in pulsed magnetic fields up to 63 T. A mini-
mum of the energy gap in the vicinity of the saturation field associated with a
transition from the sine-Gordon region (with soliton-breather elementary ex-
citations) to a spin-polarized state (with magnon excitations) was observed.
This interpretation is fully confirmed by the quantitative agreement over the
entire field range of the experimental data with the DMRG investigation of
the spin-12 Heisenberg chain with staggered transverse field.
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5. Magnetic excitations in the
spin-12 ladder compound
(C5H12N)2CuBr4
5.1. Spin-ladder model: a brief introduction.
The experimental realization of quantum spin-12 systems with a ladder-
like structure has stimulated intense interest in low-dimensional magnetism.
Apart from the possible relevance to high-temperature superconductivity [98,
99], the interest in spin ladders was motivated by their rich temperature-field
phase diagram affected by quantum fluctuations.
Generally, spin ladders consist of parallel chains with intrachain (leg) ex-
change strengths J‖, which are linked to each other by a second (rung) inter-
action J⊥. A two-leg spin ladder (Fig. 5.1) can be described using the Hamil-
tonian
H = J‖ ∑
i,j=1,2
Si,jSi+1,j + J⊥ ∑
i
Si,1Si,2 + gµBB ∑
i,j=1,2
Si,j , (5.1)
where J⊥ and J‖ are isotropic exchange interactions along the ladder rungs
and legs, respectively, and B is an applied magnetic field.
Figure 5.1.: Schematic sketch of a two-leg spin ladder with leg and rung exchange
coupling J‖ and J⊥, respectively.
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In the case of strong coupling, J⊥ ≫ J‖, the two-leg ladder can be mapped
onto a single spin-12 chain in the following way [100]. At each rung two spins
Si,1 and Si,2 are either in a singlet state |s〉 = (|↑↓〉 − |↓↑〉) /
√
2 or in one
of the triplet states: |↓↓〉, (|↑↓〉+ |↓↑〉) /
√
2, |↑↑〉. Applying a magnetic field
moves the |↑↑〉 component of the triplet closer to the singlet ground state |s〉,
such that for a strong-enough magnetic field these states create a new effective
spin-12 state. It is thus possible, for J⊥ ≫ J‖, to retain only these two states for
all the magnetic field range between Bc, when the gap is closed, to Bsat, when
the ladder is completely magnetized (fully spin polarized state).
Then, the original Hamiltonian (5.1) can be projected on the new singlet-
triplet subspace [100]:
∣∣↓̃
〉
= (|↑↓〉 − |↓↑〉) /
√
2 ,
∣∣↑̃
〉
= |↑↑〉 .
This leads to the definition of the effective S̃ = 12 operators
S̃
x,y
i = −
1√
2
(
S
x,y
i,1 − S
x,y
i,1
)
,
S̃zi = S
z
i,1 + S
z
i,2 +
1
2
.
Expressed in term of the effective spin operators, S̃i, the original Hamiltoni-
an (5.1) becomes
He f f = J‖ ∑
i
(
S̃xi S̃
x
i+1 + S̃
y
i S̃
y
i+1 + γS̃
z
i S̃
z
i+1
)
− gµBB̃ ∑
i
S̃zi + const . (5.2)
The Hamiltonian (5.2) describes a single spin-12 chain with a fixed XY aniso-
tropy of γ = 1/2 in an effective magnetic field
B̃ = B − J⊥ −
J‖
2
.
The gaped phase (B < Bc) for the spin ladder corresponds to the negatively
saturated magnetized phase for the effective spin chain, whereas the gapless
phase (B > Bc) for the ladder corresponds to the finite magnetization phase
for the effective spin-12 chain. The field Bsat, where the ladder is totally magne-
tized, corresponds to the fully magnetized phase for the effective spin-12 chain.
Since the critical fields, B̃s, for the anisotropic spin-
1
2 chain are known [101],
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particularly B̃s = ±3J‖/2 for γ = 1/2, one can convert them to the critical
fields for the ladder and obtains
Bc = J⊥ − J‖, Bsat = J⊥ + 2J‖ . (5.3)
The single-chain Hamiltonian (5.2) can be expressed in terms of fermion
operators using the Jordan-Wigner transformation. The absence of a fermi-
on means a spin state
∣∣S̃zi
〉
= − 12 , whereas the presence of a fermion means∣∣S̃zi
〉
= 12 . The magnetic field acts as a chemical potential for fermions, where-
as the anisotropy parameter γ represents an interaction between fermions.
A one-dimensional system of interacting fermions has been shown to be
well described as a Tomonaga-Luttinger liquid (LL). Although originally the
Tomogama-Luttinger model [102–104] was developed for one-dimensional
conductors, this formalism can be also applied for low-dimensional magnets.
Some properties of the LL are the same as for Fermi liquids (for instance, the
existence of a well-defined Fermi surface and the scaling behavior of the ther-
modynamic quantities, particularly, a linear specific-heat - temperature de-
pendence). On the other hand, there are important differences between these
models, particularly, in the presence of a two-body interaction between fer-
mions, the ground state is no longer the filled Fermi sea but has admixtures
of particle-hole-pair excitations. As a consequence, whereas elementary exci-
tations of the Fermi liquid are quasi-particles, elementary excitations of the
LL are collective modes, emerging due to the coupling of the quasi-particles.
Typical signatures of the LL phase are that the correlation function exhibits
a power-law decay and the excitation spectrum is gapless, i.e., there is no
energy costs to excite a particle-hole pair. Low-energy excitations of the non-
interacting as well as the interacting system of fermions can be described in
terms of noninteracting bosons. An essential feature of the LL model is that
only two parameters, the spin velocity vs and the correlation exponent Ks,
completely determine the low-energy physics.
For spin ladders in the field-induced gapless phase, the Tomonaga-
Luttinger model can be applied both in the strong- and weak-coupling limit.
In a fermionic language, the effect of magnetic field is considered as follows.
For B < Bc, the spin-ladder model results in a gap and corresponds to em-
pty fermionic bands. Above B > Bc, the system enters the gapless phase and
fermions start to fill the energy band. This process continues until the upper
critical field, Bsat, is reached. Increasing the field beyond Bsat, reopens the gap
and the band is then completely filled. Close to an empty or a full band, the
number of excitations compared to the fully polarized ground state becomes
very small and thus, the correlation exponent Ks takes the value for noninter-
acting particles Ks → 1 [100]. The Luttinger-liquid parameters Ks and vs vary
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with the magnetic field. There are analytic expressions known for B̃ = 0. For
arbitrary values of B̃, exact expressions can be calculated by solving an in-
tegral equation obtained from the Bethe ansatz [37]. Using the bosonization
technique one can determine a spin-spin correlation function of the ladder,
which is incommensurate for Bc < B < Bsat and exhibits a quite distinctive
spectrum compared to single-chain systems. The gap and the dispersion of
the excitations in the ladder are controlled by two different energy scales, J⊥
and J‖. Thus, the spin ladder is a good candidate for studying the LL phase
and quantum phase transitions, where the spin gap is destroyed by the app-
lication of a magnetic field.
Ideally, spin-ladder compounds [105–113] are described in terms of a stan-
dard Heisenberg ladder Hamiltonian, including only isotropic interactions.
Nevertheless, anisotropy is always present in real materials at some energy
scale, and can be often observed, for instance, in the g factor anisotropy. Since
the anisotropy can significantly modify the ground-state properties and low-
energy excitation spectrum of spin ladders [114–120], theoretical and experi-
mental studies of the anisotropy effects in spin ladders appear to be an im-
portant topic in low-dimensional magnetism. This work is devoted to ESR
investigation of anisotropy in the spin-ladder material BPCB.
5.2. Crystallographic structure and magnetic
properties of (C5H12N)2CuBr4
(C5H12N)2CuBr4 [(Hpip)2CuBr4 or BPCB] is known as a good realization of
a two-leg spin-12 ladder system with antiferromagnetic interactions [108]. The
optimal energy scale of the exchange interactions make (C5H12N)2CuBr4 uni-
que, and allow a detailed investigation of quantum critical phenomena across
the full phase diagram in temperature and in field up to magnetic saturation.
Bis-piperidinium copper bromide, BPCB, crystallizes in a monoclinic latti-
ce (space group P21/c, number of formula units per unit cell Z = 4) with spin-
1
2 Cu
2+ ions arranged in a ladder-like structure [121]. (C5H12N)2CuBr4 has
been shown to undergo a first-order structural transition near 260 K to a low-
temperature structure with lattice constants a = 24.111(5) Å, b = 8.089(2) Å,
c = 18.448(4) Å, and β = 99.3 deg, that corresponds to a spin ladder packing
of the CuBr2−4 anions [122]. The ladder extends along the a axis with 6.934 Å
between Cu2+ spins on the same rung and 8.597 Å between rungs (Fig. 5.2).
The rungs of the ladder are oriented along the c′ axis with an azimuthal angle
of 19.8 deg in ac plane and a polar angle of 66.6 deg from b axes [121]. They are
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Figure 5.2.: Schematic view of the crystal structure of BPCB [121]. Axes a, b, and
c∗ are mutually perpendicular. The ladders (1) and (2) are highlighted by thick blue
and green lines, respectively. Black arrows define the directions of the principal axes
of the g-tensors and red arrows the vectors of the effective anisotropy (see the text for
details). Piperidinium groups are omitted for clarity.
formed by adjacent flattened CuBr−24 tetrahedra. Each unit cell contains two
rungs of two crystallographically equivalent ladders, related by the c-glide
symmetry operation. Due to the different orientations of the g-tensor, the prin-
cipal axes of the two sets of ladders become magnetically inequivalent when
an external magnetic field is applied along an arbitrary direction.
The magnetic exchange J⊥ between the Cu2+ spins on the same rung are
formed by two equivalent Cu-Br-Br-Cu superexchange paths with a center
of inversion symmetry, while the magnetic exchange along the legs, J‖, is me-
diated by a combination of hydrogen bonds and nonoverlapping Br− orbitals,
and, therefore, should be weaker. The ladder units (Cu2Br8)
4− are separated
by the organic (C5H12N)
+ cations, which are much weaker involved in the
magnetic exchange interactions J⊥ and J‖ [123]. Any frustrating diagonal in-
teraction JF or JF′ would involve traversing the C5H12N molecule. Besides,
JF and JF′ being associated with different bond lengths of 8.96 and 12.64 Å,
respectively, suggests that JF is larger than JF′ . The strongest interaction bet-
ween the ladders, J′, is expected along the direction c, and it is mediated by
hydrogen bonding through the same C5H12N molecules involved in the leg
exchange. Besides J‖, all another magnetic exchange interactions are expected
to be sufficiently small with respect to J⊥.
Exchange couplings along the rungs and legs of the ladder have been esti-
mated as J⊥/kB ≈ 12.7− 13.3 K and J‖/kB ≈ 3.3− 3.8 K, respectively, depen-
ding on the experimental conditions and used technique [108–111, 123–126].
No evidence of long-range ordering was observed down to 100 mK at zero
field. A signature of a very weak inter-ladder interaction (J′ < 100 mK) were
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reported, leading to a transition into a field-induced magnetically-ordered
phase at temperatures below 110 mK [109, 110].
Crystals of (C5H12N)2CuBr4 were grown by evaporation of an aqueous
solution containing a 2:1 ratio of (C5H12N)Br and CuBr2. A few drops of
HBr were added to the solution to avoid hydrolysis of the Cu2+ ion [122].
High-quality single crystals of (C5H12N)2CuBr4 and its deuterated analog
(C5D12N)2CuBr4, were used in our experiments.
The magnetic susceptibility of (C5H12N)2CuBr4 between 2 and 110 K is
shown in Fig. 5.3, with the data below 20 K shown in the inset [122]. The
behavior is dominated by a rounded maximum near 8 K and a rapid de-
crease at lower temperatures. The general shape of the curve is typical for
low-dimensional magnetic systems with antiferromagnetic Heisenberg ex-
change interactions. The attempt to ascertain a possible magnetic structure
of the compound has been done in Ref. [108], where the magnetic behavior
was compared to theoretical predictions for a uniform spin-12 HAF chain, an
isolated antiferromagnetic dimer, and spin ladder. Excellent agreement with
the data was achieved at all temperatures using the spin-ladder model with
best-fit parameters J⊥/kB = 13.3 K, and J‖/kB = 3.8 K.
Figure 5.3.: Magnetization vs temperature of (C5H12N)2CuBr4 measured in a ma-
gnetic field of 0.1 T. The solid line corresponds to a fit for a spin ladder with the
parameters J⊥/kB = 11.6 K and J‖/kB = 5.5 K. In the inset, the dashed and dot-
ted lines correspond to the fits to a linear-chain (J/kB = 13.3 K) and dimer model
(J/kB = 10.4 K), respectively. After Ref. [108].
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The magnetization of BPCB measured at temperatures 0.75, 1.75, and
3.31 K is shown in Fig. 5.4. One clearly can distinguish three phase. In the low-
field phase (up to 6.99 T) the ground state of BPCB is a gapped spin singlet.
In fields above Bsat = 14.4 T, the systems is in a fully spin-polarized satu-
rated state. The system is in a intermediate canted-antiferromagnetic phase
at 6.99 < B < 14.4 T. In these fields at sufficiently low temperatures BP-
CB appears to be in a gapless Luttinger-liquid phase with fermionic excita-
tions, where the magnetization is proportional to the fermion density. The
overall agreement between the spin-ladder model (using J⊥ and J‖) and ex-
periment, including the symmetric double bump structure in the derivative
d(M/Ms)/dH is excellent.
Because both critical fields, Bc and Bsat, can be reached using conventional
superconducting magnets, BPCB offers the unique opportunity for the detai-
led investigation of the field-controlled evolution of the ground-state proper-
ties in spin ladders across different regions of their phase diagram. Results of
thermodynamic measurements on (C5H12N)2CuBr4 are shown Fig. 5.5 [112].
The contour plot represents the specific heat Cm/T of single crystals in ma-
gnetic fields applied parallel to the crystallographic a axis. Three regimes
are clearly distinguished: the quantum-disordered (QD), the quantum-critical
(QC), and the Luttinger-liquid region. The first quantum critical point at
Figure 5.4.: Field dependence of the normalized magnetization, M/Ms, of a BPCB
powder sample. The lines depict the expected magnetization for a spin ladder with
J⊥/kB = 13.3 K and J‖/kB = 3.8 K. At T = 0.7 K, the inflection point at Ms/2 is
clearly visible. The inset shows the derivative of this data. After Ref. [108].
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Figure 5.5.: Temperature-field phase diagram of BPCB, showing quantum disordered
(QD), quantum critical (QC), and Luttinger-liquid (LL) phases. Quantum critical
points occur at Bc (closing of the spin-triplet gap ∆) and at Bsat (a transition into
the fully spin-polarized state). The contour plot shows the magnetic specific heat as
Cm(B, T)/T. Local maxima from the reduction of the triplet gap by the Zeeman effect
are indicated by crosses. Circles denote the LL crossover based on measurements of the
magnetocaloric effect, black lines are fits to extract the critical fields, and the dashed
blue line indicates the onset of long-range order below 100 mK [109]. The inset shows
the specific heat Cm(T, H) at different magnetic fields in the range of Bc < B < Bsat.
Lines are based on exact diagonalization and DMRG calculations. After Ref. [112].
Bc = 6.99 T for T = 0 separates the low-field QD phase, with gaped tri-
plet excitations, from a gapless phase described by the LL model with al-
gebraically decaying spin correlations. The second quantum critical point at
Bsat = 14.4 T corresponds to the transition into the fully polarized spin state.
The field-induced transition from the QD state into the LL state [102–104] has
been observed between Bc and Bsat and studied by means of nuclear magnetic
resonance (NMR) [109], magnetocaloric effect [110], and thermal conductivi-
ty [113], for the first time giving comprehensive insight into the Luttinger-
Liquid paradigm in spin ladders.
In the QD regime at B < Bc, the specific heat shows a single broad peak
(T ≈ 5 K), which is attributable to the triplet excitations in the ladder, and is
exponentially activated at lower temperatures due to the presence of the spin
gap ∆. For B > Bc, when the formation of the LL phase occurs, an additional
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peak develops at low temperature [112]. Well below the peak temperature,
the temperature dependence of the specific heat is linear up to Bsat = 14.5 T
with a field-dependent slope. For fields near the maximum of the LL dome
(∼ 9 − 13 T), the ratio Cm/T measured appears to be the same. This tempe-
rature dependence is consistent with the presence of gapless spinon excitati-
ons with a finite velocity vs and the slope of Cm being inversely proportional
to vs. The first peak thus occurs when the temperature is large enough to pro-
be deviations from this linear regime. It can be taken as an estimate of the
crossover to enter the LL, and is visible in Fig. 5.5 for Bc < B < Bsat [112].
At lower temperatures, BPCB undergoes the transition into the field-induced
magnetically-ordered phase [109–112], which can effectively be described em-
ploying the Bose-Einstein condensation (BEC) formalism [100, 127, 128]. The
phase diagram and field variation of the order parameter determined from
NMR measurements [109] are perfectly described in the framework of the
LL model with no adjustment or fitting of the LL parameters. At B > Bsat,
the specific heat becomes exponentially activated again due to the opening
of a field-induced spin gap in the fully spin-polarized phase. Comprehen-
sive measurements of the specific heat identify an extended region of spin
Luttinger-liquid behavior over at least one order of magnitude in tempera-
ture, lying clearly above any three-dimensional physics triggered by residual
interladder interactions [112]. Thus, the thermodynamic and magnetic pro-
perties of (C5H12N)2CuBr4 are in a good agreement with the model calculati-
ons, confirming the validity of the two-leg spin-ladder model.
Figure 5.6.: a) Dispersion of magnetic excitations in BPCB along the ladder axis
measured at T = 50 mK in zero magnetic field. b) Excitation spectrum of BPCB in
the LL phase for T = 250 mK at B = 10.1 T. The colorbar represents measured (left)
and simulated (right) inelastic neutron scattering intensities. After Ref. [111].
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As a sensitive technique to probe spin correlations in the singlet ground
state, inelastic neutron scattering allowed to elucidate the magnetic structure
of deuterated (C5H12N)2CuBr4 [111, 123]. The observed dispersion in the
QD phase is in a perfect agreement with the triplet dispersion (Fig. 5.6a),
directly yielding the rung exchange J⊥/kB = 12.6 K and the leg exchange
J‖/kB = 3.2 K. Moreover, at Bc < B < Bsat inelastic neutron-scattering measu-
rements [111] revealed a broad continuum of spinons excitations (Fig. 5.6b),
which is strongly different from the QD and fully saturated phases. This
proved the occurrence of the field-induced fractionalization of magnons into
spinons entities when the system enters the LL phase. The effective inter-
ladder exchange was estimated to J′/kB < 70 mK [123]. This is more than
two orders of magnitude smaller than J⊥, confirming that (C5H12N)2CuBr4
consists of well-isolated spin ladders. This value of J′ is consistent with
low-temperature NMR measurements by Klanjšek et al. [109], revealing 3D
magnetic order below 110 mK.
5.3. ESR experiments
The angular dependence of ESR signals measured by us at a frequency of
9.4 GHz at room temperature was found to be in good agreement with re-
sults reported by Patyal et al. [121], revealing the existence of two types of
excitation centers with different principal axes of the g-tensor. A much more
complex excitation spectrum with four ESR lines has been observed by us at
low temperatures (Fig. 5.7).
In Fig. 5.8, the angular dependence of the resonance fields measured at
3.3 K with the magnetic field applied in the bc∗ plane (c∗⊥ a, b) is presen-
ted [129]. The lines have the same angular dependence both in hydrogenated
as well as in deuterated crystals. Four ESR modes were observed, which is
in contrast to a simple isotropic spin-ladder model. The observation of two
pairs of ESR modes with a very pronounced angular dependence of their
resonance positions is a clear signature of the presence of additional (ani-
sotropic) interactions in BPCB. With decreasing temperature the ESR inten-
sity of the modes exhibits a behavior similar to one measured at frequency
of 73 GHz (Fig. 5.9). Such temperature dependence of the integrated inten-
sity indicates that these excitations correspond to transitions inside the ther-
mally populated triplet, which allows to apply a simplified spin-triplet mo-
del with axial and in-plane anisotropy terms (D′ and E′, respectively) [130].
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Figure 5.7.: ESR spectrum (derivative signal) measured at 3.3 K using the X-band
spectrometer with a frequency of 9.4 GHz. The magnetic field was applied at an an-
gle α = 45 deg to the b axes in the bc∗ plane (Fig. 5.11). The labels correspond to
resonance positions denoted in Fig. 5.14, inset, by diamonds.
Figure 5.8.: Angular dependence of ESR resonance fields (symbols) corresponding
to the modes shown in Fig. 5.7. Symbols labeled (1) and (2) correspond to excitati-
ons originating from the ladders (1) and (2), respectively (Fig. 5.2), while the lines
represent the simulation results described in the text.
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This model is based on an effective spin Hamiltonian for the triplet states in a
magnetic field given by
He f f = DxS2x + DyS2y + DzS2z − µBBĝS , (5.4)
where ĝ is the g-tensor. The effective anisotropy parameters follow from
D′ = 32 Dz and E
′ = 12(Dx − Dy) [131]. The ESR angular dependence has been
analyzed by employing the above Hamiltonian in the
”
EasySpin“ simulation
package [132]. The results of the simulation are presented in Fig. 5.8 by solid
lines. Good agreement with the experimental data was found for gx′ = 2.065,
gy′ = 2.045, gz′ = 2.29, D
′/kB = 0.55 K, and E′/kB = −0.05 K. The anisotropy
axis Dz is tilted by 49.5 deg counterclockwise from the b axis in the bc
∗ plane
for the ladder (1) and clockwise for the ladder (2) as shown in Fig. 5.2. The ob-
served anisotropy is ∼ 5% of the rung interaction J⊥ (which is the dominating
interaction in this compound) and ∼ 16% of the leg interaction.
High-frequency ESR experiments were performed with the magnetic field
tilted about 45◦ away from the b axis in the bc∗ plane, where the best resolu-
tion can be achieved (Fig. 5.8). The typical spectrum of the (C5H12N)2CuBr4
at T = 1.3 K and the corresponding frequency-field diagram of the magne-
tic excitations in BPCB are shown in Figs. 5.10 and 5.11, respectively. Several
important observations have been made.
First, the spin gap in the excitation spectrum was observed directly. The
frequency-field diagram of the modes E, F, G, and H can be described by hν =
∆0±gµBB, where ∆0 is the energy gap (the modes A, B, C, and D will be dis-
cussed later). This energy gap corresponds to transitions from the spin-singlet
Figure 5.9.: Temperature dependence of the integrated intensity obtained from ESR
data measured at ν = 73 GHz for B‖b.
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Figure 5.10.: ESR spectrum of (C5H12N)2CuBr4 measured at a frequency of
220.8 GHz at T = 1.3 K for α ≈ 45 deg.
Figure 5.11.: Frequency-field diagram of the ESR excitations in BPCB for α ≈
45 deg. The modes E, F, G, and H (dashed lines) correspond to transitions from the
spin-singlet ground state to the first excited triplet states at k = 0. Lines (1) and
(2) are results of calculations for transitions between the excited triplet levels corre-
sponding to different ladders (1) and (2), respectively, using the set of parameters as
described in the text. The inset shows the low-frequency low-field part of the calcula-
ted excitation diagram and the experimental data from Fig. 5.7 (shown by rhombs).
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ground state to the first excited spin-triplet states (Fig. 5.12). Such ESR tran-
sitions are normally forbidden by selection rules if the axial symmetry is pre-
served [131] (which is not the case of the chosen magnetic field orientation).
The value of the gap at zero field is 343 GHz (∆0/kB = 16.5 K), which agrees
well with the value measured at the center of the Brillouin zone (k = 0) by
inelastic neutron scattering (Fig. 5.6a) [111, 123]. In most gaped spin-12 sy-
stems, these transitions are not observable by ESR due to an overlap of the
spin-triplet excitations with the two-magnon continuum. In BPCB the onset
of the two-magnon continuum (with the lowest-energy boundary estimated
as 2∆π/kB ≈ 19.2 K, where ∆π is the one-magnon energy gap at k = π) is at
a higher energy than the one-magnon gap at k = 0. This difference prevents
scattering of one-magnon excitations by the two-magnon continuum and al-
lows for the observation of the gap at k = 0.
Second, the resonances were slightly split, yielding g = 2.28 and g = 2.04
for the mode pairs F, E and G, H, respectively. A fit of the frequency-field de-
pendences of the observed modes revealed a zero-field splitting difference of
about 3 GHz (∼ 140 mK), which is a direct indication for the presence of inter-
ladder interaction and consistent with results of NMR and neutron-diffraction
experiments [109, 110].
Third, two well-resolved modes, A and B, with g factors 2.28 and 2.04, re-
spectively (measured at 1.4 K), were observed in the ESR spectra at low tem-
peratures (Fig. 5.11). Noticeably, the extrapolated field dependence of neither
mode A nor mode B intersects zero at zero magnetic field. The calculated
Figure 5.12.: Schematic energy-field diagram of ESR transitions in BPCB for the
ladder (1). Excitations from the ground state are represented by solid red lines (modes
G and H), while transitions within excited triplets (modes B and B′) are shown as
dashed green lines. The field orientation is the same as in Fig. 5.11.
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Figure 5.13.: ESR spectra measured at 96 GHz with the same field orientation as in
Fig. 5.11 and at temperatures as indicated. Calculated positions of the modes A′ and
B
′ are shown.
low-temperature ESR excitation spectrum in BPCB, using the anisotropy pa-
rameters as obtained from the analysis of the angular dependence (Fig. 5.8),
are shown in Fig. 5.11 by solid and dotted lines. A schematic energy-field
diagram of the ESR transitions in BPCB (for one ladder) is shown in Fig. 5.12.
Please note, that due to their weak intensity, the modes A′ and B′ (dotted lines
in Fig. 5.11) were not observed in these high-frequency ESR experiments. For
frequencies above 150 GHz the calculated intensity of the transitions shown
by the dotted lines is less than 0.5% of that for the modes A and B.
The temperature evolution of the ESR absorptions measured at 96 GHz is
shown in Fig. 5.13. With increasing temperature, the low-temperature modes
A and B vanish above ∼ 7 K, while two new modes, C and D, emerge above
∼ 3 K. This unusual temperature dependence of the ESR spectra is consi-
stent with previous observations [133] on BPCB crystals from the same batch
as used by Watson et al. [108]. The temperature dependences of the integra-
ted ESR intensities of the modes A, B, C, and D showed that the observed
excitations correspond to transitions between excited states (Fig. 5.12). It is
worth to mention that the effect of the observed anisotropy (resulting in the
gaped nature of the modes A and B) is particularly distinct at low tempera-
tures (when thermal fluctuations are suppressed) and disappears with incre-
asing temperature. The frequency-field dependence of the high-temperature
modes C and D as measured at T = 10 K (Fig. 5.14) can be described by the
formula hν = gµBB with g = 2.28 and g = 2.04, respectively, where no ani-
sotropy is included. In accordance with the exchange-narrowing theory [134],
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Figure 5.14.: Frequency-field diagram of the ESR excitations measured at T = 10 K
with the same field orientation as in Fig. 5.11. Lines denote results of calculations
using the formula hν = gµBB.
for thermally activated spins the hopping probability (or exchange frequency)
is temperature dependent. At a fixed frequency at low temperatures, the con-
centration of excited triplets is small, while the hopping probability is high, re-
sulting in a fast-exchange regime and well-resolved narrow ESR absorptions
(the modes A and B). At higher temperatures, the concentration of triplets in-
creases, the probability of hopping along the ladder legs becomes smaller, and
the low-temperature ESR resonances merge in a single line (slow-exchange
regime). The crossover from the fast- to slow-exchange limit was observed in
a number of quantum magnets with spin-singlet ground state, for instance,
in TlCuCl3 [135] and BaCuSi2O6 [136, 137]. More details about the exchange
narrowing phenomenon in magnetic resonance can be found in Ref. [138].
What can be the origin of the observed anisotropy in BPCB? Although
dipole-dipole interactions can contribute to the anisotropy they are too small
to explain the splitting of the modes extracted from our ESR experiments,
and suggesting spin-orbit interactions as the main source of the anisotro-
py. This anisotropy can be caused by the antisymmetric Dzyaloshinskii-
Moriya (DM) interaction, symmetric anisotropic (sometimes called Kaplan-
Shekhtman-Entin-Wohlman-Aharony [KSEWA]) interaction [139, 140], or by
their mixture. In BPCB, the DM interaction is forbidden on the rungs of the
ladder by symmetry, but it is allowed along the ladder legs. The absence of
ESR transitions from the singlet ground state to the excited triplet state at
k = π suggests that the DM vector alternation along the legs is not present.
The effect of the antisymmetric DM and symmetric KSEWA interactions in
spin ladders has been studied theoretically [116]. It was shown that in spin
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systems with SU(2) symmetry the DM term breaks SU(2) symmetry, opening
a gap in the excitation spectrum above Bc. On the other hand, the effect of
KSEWA interactions is to recover the SU(2) symmetry, leaving the excitati-
on spectrum incommensurate but gapless. No sign of a gap in the excitation
spectrum has been detected by NMR [109] in the vicinity of Bc and Bsat down
to 40 mK. The presence of KSEWA interactions (or the combined effect of the
DM and KSEWA interactions) would explain the experimental results. Our
ESR observations call for further development of the theory [116] towards the
strong-coupling limit, which is relevant for BPCB.
The effects of the anisotropy undeniably need to be taken into account
when describing the phase diagram of BPCB. For example, Bc and Bsat are
found to be more sensitive to the direction of the applied magnetic field
than expected from the anisotropy of the g-tensor only, possibly explai-
ning variations in the values of the critical fields reported in the litera-
ture [108–112, 123–125]. The observation of the relatively large biaxial ani-
sotropy (which breaks the U(1) rotational symmetry) can be of particular im-
portance when applying the magnon BEC formalism for the description of
the field-induced antiferromagnetically ordered phase in BPCB at lower tem-
peratures [109, 110].
5.4. Summary
This work provides a direct evidence for a pronounced (5% of the dominant
exchange interaction) biaxial anisotropy in BPCB, that is in contrast to a fully
isotropic spin-ladder model employed for this system previously. We argued
that the effects of the anisotropy need to be taken into account when descri-
bing critical properties of BPCB. Understanding the role of anisotropy and
its experimental consequences in spin ladders itself is of fundamental inte-
rest, having a broader impact, and offering (C5H12N)2CuBr4 as a well suited
model system for investigating the anisotropy effects in spin ladders.
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6. Dimensional crossover in the
quasi-2D spin-12 compound
[Cu(pyz)2(HF2)]PF6
6.1. Properties of quasi-2D spin systems
The discovery of high-temperature superconductors in the two-dimensional
copper-oxide compounds gave rise to a strong interest in the properties of
two-dimensional (2D) spin-12 Heisenberg antiferromagnets. They have a laye-
red crystal structure where magnetic ions form parallel planes and interact
strongly within the plane. Such spin systems can be described by the 2D spin
Heisenberg antiferromagnetic model. In the case of an ideal 2D Heisenberg
magnet quantum fluctuations prohibit a long-range magnetic order (LO) at
any non-zero temperature [141]. However, due to a finite interlayer coupling
J′, real quasi-2D spin systems undergo a transition to a 3D-ordered state when
T 6= 0. In such a case the system can be described using the Hamiltonian
H = J ∑
nn
[
Sxi S
x
j + S
y
i S
y
j + (1 − λ)Szi Szj
]
+ J′ ∑
i,j′
SiSj′ − gµBB ∑
j
Si . (6.1)
Here, J corresponds to the in-plane antiferromagnetic exchange coupling and
J′ is the coupling constant between spins in adjacent layers, and λ is the
exchange-anisotropy parameter and B is the applied magnetic field. This
quasi-2D HAF Hamiltonian can be transformed to isotropic form by setting
J′ = 0, λ = 0, and B = 0. To date, theoretical calculations fail to describe
the magnetic properties of the Hamiltonian (6.1) taking into account arbitrary
values of J′, B, and λ simultaneously, however, are successful if one considers
the influence of J′, B, and λ separately [142–144].
As mentioned, the interlayer interaction J′ (which is always present in re-
al materials) can significantly modify the ground-state properties of quasi-2D
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systems, inducing, for instance, a phase transition to a three-dimensional (3D)
long-range magnetically ordered state at the temperature TN. In accordance
with the theory [66] for the isotropic case (λ = 0) in the absence of a ma-
gnetic field (B = 0), the interlayer coupling J′ can be estimated using simple
empirical formula:
J′
J
= exp
(
d − 4πρs
TN
)
, (6.2)
where ρs is the spin stiffness (ρs = 0.183J for the 2D HAF system [145]) and
d = 2.43 for S = 12 .
Depending on the sign of the anisotropy constant λ, two main cases can
be distinguished: easy-plane anisotropy (0 < λ ≤ 1) and easy-axis anisotropy
(λ < 0) with its extreme case λ ≪ 0 (Ising anisotropy) [146]. The theory
of Kosterlitz, Thouless, and Berezinskii (BKT) [147–150] predicts a vortex-
like spin configuration and a topological phase transition to take place in
the classical (S → ∞) XY model (λ = 1). In accordance with the theory,
the high-temperature disordered phase can be described as a gas of non-
linear topological vortex excitations, which at T < TBKT are bound in vortex-
antivortex pairs coupled to each other via a short-range-order interaction
[151]. The region of critical fluctuations in the vicinity of TBKT is predicted
to be much broader (∆T/TBKT ≈ 0.6) than that for the classical XY model
(∆T/TN ≈ 0.1) [152].
The qualitative behavior of the BKT-type transition is preserved in the 2D
quantum HAF model with easy-plane anisotropy, with only quantitative mo-
difications of the critical parameters due to the quantum fluctuations. A good
probe of the BKT phase transition is the correlation function, because the di-
vergence of the correlation length ξ at the critical temperature Tc constitutes
the clearest evidence of a phase transition and the corresponding critical ex-
ponent for classifying the transition. Quantum Monte Carlo simulations for
large lattices [153] showed, that the critical behavior in the quantum case is of
BKT type since the correlation length and the susceptibility diverge exactly as
for the BKT theory,
ξ(T) ∝ exp
(
bo√
(T/TBKT − 1)
)
. (6.3)
Quantum fluctuations are capable to reduce the transition point from
TBKT = 0.898J/kB in the large-spin case down to TBKT = 0.35J/kB in
the quantum S = 12 case, although not strong enough to push it down to
zero. These fluctuations also reduces the constant bo in the Eq. (6.3) from
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Figure 6.1.: Correlation length ξ as function of the normalized temperature kBT/J
for different anisotropies (left) [143] and magnetic fields (right) [154].
π/2 to 1.18 [153]. As consequence, it extends the critical region to ∆T/TBKT ≈
0.8, defined by the correlation length ξ(T) ≥ 3a. The specific heat exhi-
bits a steep rise in the vicinity of TBKT and a finite asymmetric peak around
T ∼ 0.45J.
Furthermore, Monte Carlo simulations [143] indicate, that the critical re-
gime for 2D HAF systems is unstable toward any additional perturbation. As
result, 2D HAF systems can be driven to the BKT-type transition by the pre-
sence of an in-plane exchange anisotropy λ. The topological ordering appears
to be at Tc, rising from 0 to TBKT with increasing anisotropy, as it follows from
the divergence of the correlation length ξ(T) well described by Eq. (6.3), as
shown in Fig. 6.1. The phase diagram is drastically affected even by a small
anisotropy (Fig. 6.2), since the critical temperature has a nontrivial depen-
dence with respect to the anisotropy energy scale: Tc ∼ 1/ ln(1/λ) [143].
The effective easy-plane anisotropy can also be induced by an external
magnetic field which causes a reduction of the full rotational symmetry of the
isotropic model O(3) to a O(2) symmetry in the xy plane [155, 156]. While an
applied magnetic field suppresses fluctuations of the spin z component [157],
this does not hold for the x and y components. Therefore, the xy plane acqui-
res an effective field-induced easy-plane anisotropy. For infinitesimally small
fields one, hence, expects the spins to orient antiparallel within the xy plane,
and progressively cant out of the plane as B is increased. The thermal and
quantum fluctuations of the spin z components become smaller with increa-
sing field. For large enough fields the average projection of the spins onto the
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Figure 6.2.: Phase diagram found by Ding in his Monte Carlo simulation of a 2D
HAF systems with small in-plane exchange anisotropy [143].
xy plane is strongly reduced. The saturation occurs at the critical value Bsat,
above which the ground state displays a uniform ferromagnetic alignment
along the field direction. Assuming that the saturation field depends only on
the exchange strength, the mean-field equation for Bsat of a spin-
1
2 system is
given by
Bsat =
ZJ
gµB
, (6.4)
where Z is the number of nearest neighbors [158].
Recently, numerical studies revealed that an isotropic 2D HAF system in
an applied external magnetic field shares common features (for instance, a cri-
tical behavior) with that of an easy-plane system (Fig. 6.1), suggesting the oc-
currence of a topological-order phase transition as long as B < Bsat [156, 159].
In this case, the magnetic field can be considered as a tuning parameter. The
phase diagram (Fig. 6.3) obtained from large-scale Monte Carlo simulations
shows a nonmonotonic field dependence, which is regarded as a signature of
a field-induced easy-plane anisotropy (or XY behavior).
However, due to transitions into 3D ordered state, an unambiguous obser-
vation of the topological order anticipated for ideal 2D systems with XY-type
anisotropy failed in real materials. Particularly, it was shown, that for any
finite interlayer coupling J′ the 3D long-range order occurs always at hig-
her temperatures, than topological ordering induced by a magnetic field,
TN > Tc [156]. As consequence, the XY critical behavior is masked by the
onset of 3D long-range order. However, since the XY critical region is broa-
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Figure 6.3.: Magnetic phase diagram for an ideal and quasi-2D HAF system. The
green diamonds represent the data for the ideal case J′ [156] and blue spheres
show the data for [Cu(C4H4N2)2(HF2)]PF6 obtained from specific-heat measure-
ments (Fig. 6.6) [160]. Lines are guides to the eye.
der than for 3D long-range order, XY spin correlations would exhibit itself in
magnetic properties in the vicinity of TN.
To get a better understanding of the properties of 2D antiferromagnets, it is
necessary to find materials with suitable exchange constants J and J′. Copper
pyrazine compounds are known to form linear chains [161–163] and layered
structures [164, 165] with the pyrazine molecule (C4H4N2) linking Cu atoms
in large coordination polymers. Recently, the syntheses of a family of crystal
structures with the general chemical formula [Cu(pyz)2]A2 (where A repres-
ents a noncoordinating or poorly coordinating anion) was reported [166,167].
These materials are good examples of quasi-2D Heisenberg antiferromagnets
with J′/J ∼ 10−3 − 10−4 and moderate exchange interaction, J, small enough
to reach full polarization with accessible fields (Bsat < 50 T) [106, 166, 168].
It is worth to mention, that a non-monotonic field dependence of the orde-
ring temperature was observed in the quasi-2D square-lattice Heisenberg an-
tiferromagnet [Cu(C4H4N2)2(HF2)]BF4 [156, 169]. In this work, magnetic pro-
perties and the low-energy excitation spectrum of [Cu(C4H4N2)2(HF2)]PF6,
belonging to the same family of compounds, is reported [160].
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6.2. Magnetic properties of [Cu(pyz)2(HF2)]PF6
[Cu(C4H4N2)2(HF2)]PF6 (hereafter [Cu(pyz)2(HF2)]PF6) crystallizes in a tetra-
gonal lattice (space group P4/nmm; Z = 1) with spin-12 Cu
2+ ions arranged in
a planar square-lattice structure (Fig. 6.4). Cu2+ ions are bridged by pyrazine
groups in the ab plane and the planes are connected by HF2 groups along the
c axis. The planes of the pyrazine groups are nearly orthogonal to the Cu2+
planes. The non-coordinating PF6 groups pack in between the planes, in the
center of almost cubic units [166]. In the experiments described below sin-
gle crystals with a typical size of 4 × 3 × 1 mm3 were used, synthesized by
aqueous reaction of stoichiometric amounts of ammonium bifluoride, pyra-
zine, and copper(II) hexafluorophosphate hydrate (using the same procedure
as reported in Ref. [169, 170])
Pulsed-field magnetization of [Cu(pyz)2(HF2)]PF6 was measured by Y. Sk-
ourski, HLD. The data obtained at 1.5 K in magnetic fields up to 50 T applied
parallel and perpendicular to the c axis are shown in Fig. 6.5 [160]. The calcu-
lated magnetization for an spin-12 2D square-lattice Heisenberg AF is shown
by the solid line.
The fully spin-polarized state was observed at Babsat = 37.5 T and
Bcsat = 33.8 T for B ‖ ab and B ‖ c, respectively. A similar magnetization
dependence was found for both magnetic-field orientations. Our analysis re-
vealed that the magnetization anisotropy is solely determined by the g-factor
Figure 6.4.: Schematic view of the crystal structure of [Cu(pyz)2(HF2)]PF6 along the
b axis.
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Figure 6.5.: a) High-field magnetization of [Cu(pyz)2(HF2)]PF6 (dashed and dotted
lines correspond to B⊥c and B ‖ c, respectively). The experimental data are shown as
a function of gB, where B is the applied magnetic field and the g-factors are gc = 2.28
and gab = 2.05, as determined by X-band ESR measurements. b) The same data in
an expanded scale close to saturation with additional model calculations assuming
a finite interplane interaction.
anisotropy. The numerically calculated magnetization for a spin-12 2D HAF on
a square-lattice with an intraplane exchange interaction J/kB = 12.8 K [166,
171] is in very good agreement with the experimental data (Fig. 6.5). In order
to estimate the ratio J′/J, calculations using this model with different inter-
plane interactions have been made (Fig. 6.5b) [160]. By comparison with the
measured data it can be concluded that J′/J must be less than 1/16.
The specific-heat measurements were performed using a continuous
relaxation-time technique [172, 173] by R. Beyer, HLD. The high-resolution
specific-heat measurements allowed to clearly resolve the 3D AF ordering
temperature in zero and applied magnetic fields up to 14 T (Fig. 6.6). Using
the local maximum of the specific-heat anomaly, the B − T phase diagram
has been extracted. Figure 6.3 shows the result together with data calculated
for an ideal 2D Heisenberg AF system (J′ = 0) with J/kB = 12.8 K [156]. For
small magnetic fields, the critical temperature TN increases due to the induced
effective easy-plane anisotropy. For sufficiently strong magnetic fields, TN de-
creases, since the spin-canting effect prevails, and vanishes eventually at the
saturation field, when the fully spin-polarized state is reached. The observed
non-monotonic B− T behavior of [Cu(pyz)2(HF2)]PF6 can be nicely explained
by modifying above model with a weak interplane interaction. As a threshold
for the observation of a λ-like anomaly in the specific heat, J′/J < 0.015 has
been given in Ref. [142]. This ratio is very close to that, J′/J = 0.01, esti-
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Figure 6.6.: Temperature dependence of the specific heat of [Cu(pyz)2(HF2)]PF6 for
B ‖ ab (blue symbols) and B ‖ c (red symbols).
mated from the zero-field µSR measurements on powdered samples [166]. In
the range 0.001≤J′/J≤1 the interplane coupling can be estimated employing
Eq. (6.2) [66]. Using the exchange coupling, obtained from the high-field ma-
gnetization data, and TN = 4.38 K the ratio J
′/J = 0.014 was determined,
which is in excellent agreement with the previous estimate.
6.3. ESR experiments
Low-frequency ESR data on [Cu(pyz)2(HF2)]PF6 were reported previous-
ly [174]. In this work here, the frequency range of ESR measurements was
extended up to 260 GHz. At room temperature, a single ESR line was obser-
ved for all field orientations with a typical sinusoidal angular dependence of
the g-factor expected for a Cu2+ ion in an octahedral surrounding with an axi-
al symmetry due to the Jahn-Teller effect. The results confirm that the main
exchange paths between the magnetic ions are formed in the ab planes by
dx2−y2 orbitals [131], which directly overlap with orbitals of pyrazine ligands,
creating a quasi-2D network of exchange coupled Cu2+ ions.
The temperature evolution of the ESR spectra in [Cu(pyz)2(HF2)]PF6 mea-
sured at 90 GHz for B ‖ c is shown in Fig. 6.7a. The temperature dependence
of the resonance field, the linewidth, and the integrated intensity of the ESR
lines in fields applied parallel and perpendicular to the ab plane are shown in
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Figure 6.7.: a) ESR signal (transmission) measured at 90 GHz in the temperature
range of 1.3 - 10 K for B‖c. b) Temperature dependence of the linewidth obtained
from the ESR data measured at 90 GHz for a magnetic field aligned parallel (squares)
and perpendicular (circles) to the ab plane. The transition temperature, TN = 4.64 K,
as obtained from specific-heat measurements at 3 T for B⊥c is indicated by the dotted
vertical line. The inset shows the temperature dependence of the resonance field.
Figs. 6.7b and 6.8. It is evident that in the vicinity of the ordering temperature
(TN ≈ 4.6 K at 3 T), a region of enhanced short-range spin correlations is ente-
red and both the resonance field and the linewidth change dramatically. It is
important to mention that the integrated ESR intensity is proportional to the
dynamic spin susceptibility.
In Fig. 6.8, the temperature dependence of M/B (measured using a SQUID
magnetometer with applied magnetic field B = 3 T), the integrated ESR in-
tensity, and the magnetic susceptibility calculated for a 2D Heisenberg AF
system [171, 175] are presented. The results of the calculations are in good
agreement with the experimental data above TN for J/kB = 12.8 K, proving
the important role of 2D spin correlations in [Cu(C4H4N2)2(HF2)]PF6.
Well above the critical temperature (T = 15 K), only one resonance mo-
de for each orientation was observed, B ‖ c and B⊥c. The frequency-field
dependence of the these modes corresponds to transitions between the ener-
gy levels of the S = 12 , Cu
2+ ions and can be described by hν = gµBB with
gc = 2.28 and gab = 2.05. The ESR excitation spectrum changes dramatically
below TN. Two modes, ω1 and ω2, are observed in [Cu(pyz)2(HF2)]PF6, when
the magnetic field is applied in the ab plane (Fig. 6.9).
The frequency-field diagram of the magnetic excitations obtained at 1.3 K
is shown in Fig. 6.10. For B ‖ c, a nonlinear dependence of the mode
ω4 was observed. Most importantly, in the ESR excitation spectrum the AF
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Figure 6.8.: Temperature dependence of M/B measured at B = 3 T (open symbols)
and the integrated intensity obtained from ESR data measured at ν = 90 GHz (closed
symbols). The data are presented together with the calculated results (solid line) for
a 2D square-lattice Heisenberg AF system with J/kB = 12.8 K [171, 175].
resonance gap was determined directly, ∆ = 43 GHz (≈ 2 K) at B = 0.
Such a frequency-field diagram is a textbook example for magnetic excita-
tions in a system with collinear 3D AF long-range order and easy-plane ani-
sotropy [176]. The frequency-field dependence of the antiferromagnetic re-
sonance modes can be calculated using the mean-field approximation [177]:
Figure 6.9.: The ESR transmission spectrum of [Cu(pyz)2(HF2)]PF6, taken at a fre-
quency of 39.486 GHz and T ≈ 1.3 K.
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Figure 6.10.: Frequency-field diagram of the ESR excitations measured at T = 1.3 K
for a magnetic field aligned (a) parallel and (b) perpendicular to the ab plane. The
signals ω1, ω2, ω3, and ω4 correspond to AF resonance modes of a 3D ordered AF
system with easy-plane anisotropy calculated as described in the text.
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ω1/γ = B, (6.5)
ω2/γ =
√
2BABE − (BA/2BE) B2, (6.6)
for magnetic fields applied parallel to the easy plane and
ω3/γ = 0, (6.7)
ω4/γ =
√
2BABE + (1 − BA/2BE) B2, (6.8)
for magnetic fields applied perpendicular to the easy plane, where γ = gµB/h̄
is the gyromagnetic ratio, and BE and BA are the exchange and anisotropy
field, respectively.
These results clearly show that below TN the ab plane is the easy plane,
along which the magnetic moments are aligned at B = 0. The frequency-field
diagram was analyzed using the Eqs. (6.5) – (6.8). The best fit was obtained for
BE = 18.72 T and BA = 0.05 T. The exchange field BE is related to the exchange
coupling by the simple relation BE = 4SJ/h̄γ and yields J/kB = 12.9 K, which
is in perfect agreement with the value of the intraplane exchange coupling ob-
tained from magnetization and specific-heat measurements. Noticeably, using
ESR data, the anisotropy constant (∼ 0.3% of the exchange interaction) can be
estimated, revealing the validity of the isotropic quasi-2D spin-12 Heisenberg
model applied to [Cu(pyz)2(HF2)]PF6.
6.4. Summary
Our specific-heat, high-field magnetization, and ESR studies revealed the im-
portant role of 2D spin correlations in the spin-12 quasi-2D Heisenberg anti-
ferromagnet [Cu(C4H4N2)2(HF2)]PF6. The antiferromagnetic resonance was
studied in magnetic fields up to 16 T, revealing the presence of a 3D colli-
near AF long-range ordered state with an energy gap of ∆ = 43 GHz. The
direct observation of the energy gap allowed an accurate estimation of the
effective spin-Hamiltonian parameters, g-factors (gc = 2.28 and gab = 2.05),
J/kB = 12.8 K, and A/J ∼ 0.3%. The presence of a field-induced easy-plane
anisotropy has unambiguously been identified by the observation of a pecu-
liar non-monotonic field dependence of the ordering temperature.
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During this thesis work, a pulsed-field tunable-frequency ESR spectrometer
has been developed. This device allows performing high-field (up to 63 T
and beyond) high-resolution ESR experiments in the frequency range
50 - 450 GHz (employing VDI radiation sources) and 1.2 - 75 THz (employing
free-electron lasers). The spectrometer was used complementary to a 16 T
ESR spectrometer, operated in the frequency range of 24 GHz - 1.3 THz. The
facilities were successfully used for the investigation of magnetic excitation
spectra in a number of low-dimensional spin systems. These include the
following materials.
1. The spin-12 chain compound (C6H9N2)CuCl3. Based on the obtained ESR
spectra the striking incompatibility with a simple uniform S = 12 Hei-
senberg chain model has been revealed. The observed excitation spec-
trum was explained in terms of the recently developed theory for spin-12
chains, revealing the important role of next-nearest-neighbor interacti-
ons in this compound.
2. Copper pyrimidine dinitrate [PM·Cu(NO3)2(H2O)2]n, a spin-12 anti-
ferromagnetic chain material with alternating g-tensor and the
Dzyaloshinskii-Moriya interaction. The excitation spectrum was probed
in magnetic fields up to 63 T. Pronounced changes in the frequency-field
dependence of the magnetic excitations have been observed in the vi-
cinity of the saturation field, B ∼ Bsat = 48.5 T, clearly indicating
a transition from the soliton-breather to a spin-polarized state with
magnons as elementary excitations. The experimental data were com-
pared with results of density matrix renormalization group calculations.
Excellent agreement was found.
3. The spin-ladder material (C5H12N)2CuBr4. The ESR studies provided
a direct evidence for a pronounced anisotropy in this compound, that
is in contrast to the fully isotropic spin-ladder model employed for this
material previously. It is argued that this effect is caused by spin-orbit
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coupling, which appears to be important for describing the magnetic
phase diagram (including magnon condensation and the transition into
the Luttinger-Liquid phase) of this compound. The detailed characteri-
zation of the anisotropy effects complements the determination of the
full spin Hamiltonian of (C5H12N)2CuBr4.
4. The quasi-two dimensional spin-12 compound [Cu(C4H4N2)2(HF2)]PF6.
The presence of a field-induced XY behavior has unambiguously been
identified by the observation of a peculiar non-monotonic field depen-
dence of the ordering temperature. The frequency-field diagram of ma-
gnetic excitations in the AFM-ordered state has been studied. The data
were analyzed in the frame of a mean-field theory, confirming a col-
linear magnetic structure of this system with an easy-plane anisotropy.
Parameters of the effective spin-Hamiltonian (exchange interaction, ani-
sotropy, and g-factor) were obtained and employed for describing the
high-field properties of this material. It is argued that despite the onset
of 3D long-range magnetic ordering the magnetic properties of this ma-
terial (including the high-magnetic-field magnetization studied in fields
up to 48 T) are strongly affected by two-dimensional spin correlations.
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[111] B. Thielemann, Ch. Rüegg, H.M. Rønnow, A.M. Läuchli, J.S. Caux,
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K. Krämer, Phys. Rev. B 77, 235113 (2008).
[125] T. Lorenz, O. Heyer, M. Garst, F. Anfuso, A. Rosch, Ch. Rüegg, and
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[129] E. Čižmár, M. Ozerov, J. Wosnitza, B. Thielemann, K.W. Krämer,
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